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Summary 


Preliminary work with a four-inch quartz pentag, mounted on the seven- 
inch Cooke 'T.C. to assess its usefulness for flexure determinations, showed 
that if the mounting is kept completely free of the telescope tube (as seems 
desirable), small orientation-errors are difficult to avoid. The second- 
order effects in declination which may be introduced by these errors, and by 
their interactions with any (permanent) error in the pentag-angle itself, are 
therefore all investigated; account is taken of the curvature of the diurnal 
circles, and of the need to observe off-axis in the telescope. It is found that 
of the three small angles which specify the pentag’s mal-alignment, one has 
strictly zero effect. ‘The second can readily be determined, at all pointings, by 
auto-collimation observations, and, with the Herstmonceux mounting, has 
been found to be so stable that these observations are not burdensome. If this 
angle is known, as a function of the pointing, the third one can be determined 
for each star by rough observations in R.A. The complete corrections for 
mal-alignment, to be added to the observational equation already published, 
are given explicitly. 





It was shown in a previous paper (1) that there are serious deficiencies in 
all the methods so far used, or tried, for determining the flexure of a transit-circle ; 
a new method was then proposed which involved the use of a “‘ pentag’’. This 
is the name for a device consisting essentially of two plane mirrors, very rigidly 
connected so as to enclose an angle P say, which remains constant with high 
accuracy. It is easily verified that if a ray of light is incident on one mirror of the 
pair, in the plane containing both their normals, and is then reflected in the 
second, it is deviated through precisely 2P whatever the angle of incidence; 
this property has many important applications. Most commonly, P is designed 
to be 45°, so as to give a go° deviation. If such a pentag is mounted in front of 
a transit-circle objective, with the plane of its normals vertical, stars observed 
in it will have declinations differing by go° from those for which the circle is set ; 
if the same star is observed (presumably on different nights) with and without 
the pentag, differencing the two observations leads to an equation of condition 
for the harmonic coefficients of the flexure as a function of zenith distance. 
This equation was given explicitly, as far as the pair of third harmonics. 

After the 7-inch Cooke T.C. had been moved from Greenwich and brought 
into operation at Herstmonceux, a fused quartz pentag of four inches clear 
aperture was obtained and mounted on it for a trial pericd. The mounting, 
mainly of aluminium alloy angle-rods and plates, was carried entirely by 
thermoplastic shoes riding in the machined grooves, on the E~W axis, in which 
the lifting and reversing gear also engages when required; it had no direct 
contact with the telescope tube at all. It was counterpoised about the 
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E-W axis, so that it could be swung out of the beam and back again, and the 
pentag itself could rotate independently about a parallel axis (at A, in Fig. 1), 
this motion also being counterpoised. The complete dissociation from the 
telescope tube seemed necessary, because the ‘‘flexure’’ to be investigated is 
really differential flexure; if the tube, even though it did not carry the pentag’s 
full weight, were used to constrain its orientation in any way, the reaction might 
perhaps double, or neutralize, the differential flexure even though the force 
involved was relatively small. 

It is, however, somewhat difficult to preserve this independence and yet to 
guarantee that the plane of the pentag’s normals is not displaced from the 
meridian, either by becoming inclined to the telescope-axis or by being rotated 
about it. If either of these faults occurs, second-order errors may be introduced ; 
the square of sin1’-72 (i.e. of sin1/2000 radian) is sino’-o5, and since 0”-05 
would be somewhat objectionable as a random declination-error, and intolerable 
as a systematic one, either the mounting must orientate the pentag to appreciably 
better than one part in 2000 in all respects, or else the second-order terms must 
all be investigated and the orientation-errors determined experimentally, where 
this is shown to be necessary. The mounting actually made at Herstmonceux 
can keep one of the errors down to a few tenths of a minute, but not the others. 

The present paper is therefore concerned with all the second-order errors 
which might, @ priori, be involved; in addition to the two obvious orientation- 
errors, it considers the effect of varying the angle of incidence (irrelevant when 
the adjustment is otherwise perfect), and of having an ‘‘error of manufacture’”’ 
in the pentag-angle P itself; the effects of curvature of the diurnal star-trails, 
and of observing at a number of points (and therefore off-axis) in the telescope 
field, are also investigated. 

The investigation is confined to the case of the ‘‘hollow’’ pentag, i.e. one 
| which really is fabricated from two plane mirrors; the ‘‘true’’ or ‘‘solid’”’ 

‘ pentag, an actual five-sided prism of optical glass in which the two reflections 
are internal, may possess additional errors of manufacture, and cannot be adjusted 
by the same auto-collimation method as the hollow one. 

Fig. 1 shows a hollow pentag of 45° angle, mounted in front of the telescope 
objective in one of its two ideal operating positions (i.e. with the angle of 
incidence = 22}°, which results in symmetry and no vignetting); the other 
position can be obtained by rotating it clockwise through go”, about an axis 
perpendicular to the plane of the figure, and this axis must pass through A if the 
beam is to be central on the objective in both positions. The rays marked T, 
N,, I, N, and 5 represent the directions of the telescope-axis (looking outwards), 
the first normal, the ‘‘intermediate’’ ray, the second normal, and the ray to 
the star, respectively; in the ideal case these all lie in the plane of the figure; 
and (with the signs of the second and third reversed, as is here done) the angle 
between each one and the next is 224°. The light is deviated through the 
angle TAS and not, of course, through its supplement (2). 

Fig. 2 shows the intersections of the above ideal rays with the celestial sphere, 
and also the intersections T’, |’ and S’, of the actual telescope, intermediate, and 
star rays respectively, when these are not in the N,N, plane and the angle of 
incidence S‘N, is not P/2. (P also need not be 45°.) Since angles of incidence 
and reflection are always coplanar and equal, ‘T’N,I' is a great circle, and 
T’N,=N,I’. Similarly I'N,=N,S’. If T’T’, I'l” and S’S” are drawn 
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perpendicular to the great circle through N, and N,, the triangles T’T’N, and 
I’I"N, are then equal in all respects, and similarly for the triangles I'I”N, and 
S’S’N,. Thus T’T”=S’'S"; the point seen, S’, departs therefore by strictly 
the same amount, q say, from the plane of the normals (N,N,) as the telescope-axis 
T’ does. Also, T’I"=2N,I" and I’S’=2I"N,, so that T’S”=2N,N,=2P. 
Since T”'T’ and S’S’ if produced will meet at a pole, C, which is go° —g from T’ 
and S', the spherical triangle T’CS’ yields at once the relation 

cos D=cos 'T’S’ = sin® q + cos 2P cos* g, (1) 
where D is the total (great circle) deviation produced by the pentag. This 
equation is rigorous, and shows that the magnitude of the deviation is completely 
independent of the angle of incidence, so long as changes in that angle do not 
alter g. If the pentag is rotated strictly in the plane of the normals, keeping the 
telescope T”’ fixed, N, and N, will move along the line N,N, but S’ will remain 
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fixed in both coordinates, to all orders of accuracy. Since this statement would 
also hold for any adjacent star 5S”, together with the associated image, T”, in 
the telescope-field, varying the angle of incidence (at constant q) will also not 
rotate the field; g may even be large. 

Analytically, we shall not find it necessary to consider the angle of incidence, 
as such, any further; and instrumentally, it clearly is not necessary to fit the 
axis through A with a divided circle. Unless g varies very rapidly indeed as the 
pentag is rotated, any good mechanical stop will be quite adequate, and no 
correction need be applied for the position of the Z.D. micrometer (which does, 
of course, enter into T’). 

We may re-write (1) as 


2sin(P—}D).sin(P+ 4D) =sin? q(1 —cos 2P) (2) 


sin (2P—D){1 —cot2P.tan (P— 4D)]=sin?q.tanP (3) 


(since neither sin2P nor cos(P— 4D) will vanish). P, indeed, will never be 
at all near either o or 7/2; and, as q will also never be large, P+ 4D cannot be 
near either o or 7, so that sin(P+ 4D) must be of order unity, very roughly, 
rather than of order sing. It follows, then, from (2) that sin(P— 4D) must 
be not merely of order q (radians) but of order gq’, so that (3) becomes 


2P—D=q'? tan P+ O(q") (4) 


with no terms of order qg*®. Terms of order g‘ will in all cases be completely 
negligible, and may be dropped at this point. 

We shall not in this investigation consider further any values of P except 
those very close to 45°. Other values would indeed be needed if it were proposed 
to investigate harmonics of order 4m in the flexure (3), and there is no real difficulty 
in extending the analysis to cover such cases; but it does make it more cumbrous. 
If P=7/4+v, where v is small, (4) becomes 


D—- : =2u—q*(1+2v+...), (5) 


showing explicitly that except for the very small term 2vq? the effects of error 
of manufacture (v) and error of alignment (q) simply add; in particular, there 
is no interaction-term of order vg, and there are no higher powers of wv that are 
not multiplied by qg?. A pentag designed for P= 7/4 should result in |v] < 107%, 
and if we also have |g|<10~*, the term 2vq? (0”-0004) can be neglected in all 
cases; dropping it, and writing D—go° and w in seconds of arc, and g in minutes, 
(5) becomes 

D—go° = 2v—0"-01745 q’. (6) 
The correction for the mal-alignment g is thus less than 0”-o1 provided 
|g] <0’-757, and less than 0”-oo1 if |g|<0’-240. 

One must clearly have a means of determining the value of g, in both of the 
positions in which the pentag will be used and in a variety of telescope-pointings 
for each. A number of unsatisfactory attempts to do this were made, before the 
possibility of the following simple procedure was noticed. It seems worthwhile, 
therefore, to describe this, as it is of general applicability. 

With a hollow pentag there are four telescope-positions, necessarily all of 
them exactly in the plane of the normals, where auto-collimation in some part 
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of the pentag is possible. The vignetting is substantial, but the images are 
surprisingly good; much more than adequate for the present purpose. Taking 
them in order, these positions involve normal incidence on 

(a) mirror 1 only 

(6) mirror 2 as seen in mirror 1 

(c) mirror 1 as seen in mirror 2 

(d) mirror 2 only; 
the angle between each and the next is 45°, and the successive directions to the 
telescope (180° from 'T’) are shown in Fig. 1 (and also in Fig. 3) as (a), (6), (¢) 
and (d) respectively. If the pentag is rotated, with respect to the telescope, 
about the rotation-axis A, the successive auto-collimation images will appear at 
these four positions, though at a first attempt it may be necessary to search 
through a considerable range of R.A. settings in order to find them, since the 
plane of the normals may not initially be closely perpendicular to the axis of 
rotation. 
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Fig. 3 is a Mercator projection of the equatorial region of that sphere whose 
poles are the rotation-axis through A; the plane of the normals thus defines 
a sine-curve (of some unknown phase and amplitude) if the adjustment is slightly 
imperfect. ‘The abscissae, %, are angles of rotation, reckoned from the telescope 
tube to the bisector, B, of the angle between the mirrors; the ordinates are 
R.A. micrometer readings for points in the plane of the normals; and the 
equation of the curve is evidently 

y=, sing + B, cos + Yo. (7) 
If the four micrometer readings for auto-collimation are j, k, 1 and m 
respectively (minutes of arc) we readily obtain 
B, = j-m _—  k-l (8) 
* 28in 673° 2: sin 22}° 
(k+1)—(j+m) 
Bs 
y 








= (9) 


2(cos 224° —cos 674°) 
(10) 


= (j+m) cos 224°—(k+1) cos 674° 
2(cos 224° —cos 674°) 

A manufacturing error v will very slightly alter the nominal 224° and 674° angles, 

but the effect of this would be quite undetectable, for any reasonable values of v. 

Since we have here four equations but only three unknowns, there is an identical 
relation between the coefficients; as is obvious from (8), this is 

T= =tan67}°= 2-41... (11) 

and this may be used to throw the other equations into various equivalent forms. 
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The angle f, is that part of the pentag’s maladjustment with respect to A 
which is anti-symmetrical about the bisector B; it may be made small by a 
rotation about this bisector, until j—m and k—/ are both small, and the sign 
of the necessary movement will be readily seen in any trial. §,, the symmetrical 
component, may be made small by moving the east end (say) of the pentag 
towards or away from the axis A; this affects k and / more than j and m, and the 
sign can be inferred from this. If the readings all reckon from the ordinary 
‘*collimation’’ reading as zero, y, is the angle by which the telescope-axis (so 
defined) departs from the equator of the pentag’s rotation-axis; it can be made 
small by moving one end of the rotation-axis towards or away from the telescope, 
and this affects all four readings equally. Thus these four observations completely 
separate the three unknowns in question, and the adjustments can be made in 
any order. 

In actual use on stars, one is concerned only with pentag-positions close to 
the two ideal operating ones, given by y= + 45°. We thus have 

¥=(q1 OF G2=) + Bil V2 + Bol V2 +3o- (12) 
Taking the upper sign, eliminating 8,, 8, and yy, and using (11) to make the 
coefficients of j and k equal, we obtain 
gi= Mj +k+tan 114°(/—m)], (13) 
= h(j+k)+o-1(/—m). (14) 
The upper sign in (12) corresponds to the case shown in Fig. 1, i.e. with the 
telescope half-way between (a) and (6). For the other positions we have 
similarly 
go §(m+1)+0-1(k—j). (15) 
Both equations will of course appear in other forms if (11) is applied differently ; 
in particular, it might be preferred to eliminate m from (14) and j from 
(15), getting 
g, = 0°401j + 0°740k —0-1411 (16) 
and 
qg= —0°141k+0°7401 + 0-401m. (17) 

If % is incorrectly set (with individual stars), equations (12)-(17) will be 
slightly invalidated unless both f, and f, are zero; i.e. varying the angle of 
incidence (by rotation about the actual axis A) can have a slight effect on the 
deviation D, through its effect on g. But if % is in degrees, we have 

Agi = — 0°01745(92— Yo)Ay, (18) 

Age = + 0°01745(91 — yo)AY, (19) 
and even a 1° error of setting will thus have negligible effects, for all reasonably 
small values of g— yp. 

If the mounting yields under gravity, the readings for auto-collimation may 
be different at different telescope-pointings; if they are repeatable over a 
reasonable period, at any one pointing, it is clearly permissible to plot q, and q, 
as functions of the circle-reading, and to read off the value appropriate for each 
star observed. It may be noted that although all fairly high stars can be observed 
in both positions of the pentag, there is no telescope-pointing in which both 
positions can be used. If circle-readings reckon from the zenith, positive to the 
north, with c, denoting (as in the previous paper) the value when the pentag is 
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in use, and if g, refers to the case when c, ~z+ 90° and q, to the case c,#2—go°, 
then q, will be required only for positive c,-values, i.e. north pointings of the 
telescope; the stars observed will be south of the zenith if the pointing is above 
the horizon (c,< +90°), and north if it is below. Similarly, g, will be required 
only for c,<o. Near-zero values of c, involve near-horizon stars, i.e. no 
observations. It should thus be sufficient to observe only j, k and / at north 
pointings (assuming that Fig. 1 is drawn looking eastwards) and only k, | and m 
at south pointings, using (16) or (17) accordingly. 

If (11) fails to hold, even though the readings are repeatable, errors involving 
higher harmonics of % are presumably present. They may be either pivot-errors 
of the axis A, or perhaps flexure between the pentag and A. Proper care in 
manufacture should keep the total pivot-errors below o’-1, and flexure which is 
symmetrical (east-west) will not matter; if the failures of (11) are in fact 
significant, or if the measurements are seriously non-repeatable in any case, a 
complete re-design of the mounting may be necessary. 

With the preliminary mounting made at Herstmonceux, it has been found 
possible to keep g, and g, within about + 0’-4 for days on end, in spite of swinging 
the pentag out from the beam and back, and moving the telescope from one 
pointing to another. If the direct zenith-distance error due to q were the only 
one, (6) shows that this would then never reach 0”-003, and even though it would 
still be systematic in z it would hardly be necessary to correct for it at all; but 
in fact there are also cross-products of g with other errors. 

The most troublesome maladjustment to prevent is rotation of the pentag, 
together with the axis A, about the telescope axis. It has been found very difficult 
to swing the pentag out of the beam and back without slewing the mounting so 
as to cause such a rotation, since the telescope itself interferes with almost any 
diagonal stays which one might wish to incorporate. Even variations of the 
pointing, without removing the pentag, are somewhat liable to result in the same 
trouble. Fortunately, however, it proves unimportant for this error to be 
constant, or repeatable, as long as q is so. 

We consider the general case in which we have a small error of manufacture v 
(supposed precisely constant, but not necessarily known), a small alignment-error 
q (supposed sufficiently known from auto-collimation results), and a small 
rotation, p, about the telescope-axis (unknown as yet). For simplicity, we shall 
suppose the ordinary azimuth and level errors to be zero; their interactions 
with p, gq and wv need watching, but the interactions of p, g and v with each other 
(and with the curvature of the diurnal circles) should sufficiently illustrate the 
position. All R.A. micrometer readings are reckoned from the ordinary collimation- 
reading, which therefore does not appear explicitly ; they will be defined as positive 
when they carry the micrometer to the east, and the point seen to the west. We 
also suppose, for the moment, that the flexure is zero and the zenith is therefore 
recognizable without ambiguity ; this, however, is only for convenience in wording 
and does not affect the final equations. (The flexure is, in any case, less than 1”.) 

Let the telescope be pointed horizontally to the north, so that c, is +90°; 
and let the pentag be set for stars at zenith-distance z = c, — go’, i.e. near the zenith. 
If the adjustment is perfect, the point seen is then on the meridian, at the distance 
2v south of the zenith. If the telescope and pentag were now rotated as a unit, 
clockwise about the vertical (looking upwards), i.e. so that the eye-end moved 
east, through a small angle g, the point seen would move round the small circle 
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of radius 2v, to a position 2vg east of the meridian, if all angles are in radians, 
and the star-field would appear to rotate, with respect to the wires, through the 
angle g, counterclockwise; the pentag, having an even number of reflections, 
does not reverse the field. (The opposite apparent rotation will be obtained 
if a single plane mirror at 45° is substituted for the pentag.) If q is small, the 
same net effect can be produced, without moving the telescope tube or objective, 
by rotating the pentag alone about the vertical, and then advancing the R.A. 
micrometer alone from zero through the angle +4, so as to place it again in the 
plane of the normals. Now let the micrometer alone be returned to zero; this 
evidently does not further rotate the field, and the point seen moves along the 
image of the Z.D. wire on the sky, eastwards through the angle qcosq, or q to 
the second order, and northwards through the angle qsing, i.e. q?, since the 
image of the Z.D. wire has been rotated clockwise. The distance of the point 
seen from the north point of the horizon is thus 7/2 + 2v— q?, in agreement with 
(5). Its distance from the meridian is g+2vq; from the plane of the normals 
it is of course g, the same as for the telescope-axis. If we repeat the argument, 
with the telescope pointed horizontally southwards (c,= —go°) and the pentag 
set for z~c,+ 90°, we find that a positive g again displaces the point seen to the 
east, but the wires are now rotated counterclockwise with respect to the field, 
i.e. negatively, if the former rotation was defined as positive. The distance east 
of the meridian is readily seen to be ¢+2vq in this case also, and the distance 
from 'T’, now the south point, is 7/2 + 2v—q*, agreeing with (5) as before. 

_ The argument is completely independent of the observer’s latitude (in 

articular, of its sign) and can also be generalized immediately to stars at all 
renith distances; it is merely necessary to replace ‘“‘ rotation in azimuth”’ by 
‘“‘rotation about a line which is in the meridian and perpendicular to the 
telescope ’’, and to make other obvious minor changes. ‘Thus we conclude that 
(with the above sign-conventions) a mal-alignment +g and a pentag error +v 
produce a total deviation from ‘Tl’ of 7/2+2v—q?, a displacement to the east of 
+q(1+2v), anda rotation + g, the upper sign being taken when ¢, is approximately 
=+/2 (the same convention as in the previous paper). 

We now superimpose a rotation of the pentag, through the small angle p, 
about the telescope-axis. We define the sign of p to be positive if it displaces 
the point seen towards the same side as a positive g does, i.e. towards the east, 
and it may then be verified in various ways that the field-rotation produced by a 
positive p is opposite to that produced by a positive g. If the point seen is at a 
distance D from ‘I’ (the point seen without the pentag), a rotation p obviously 
produces a displacement psin D along the ‘‘almost great’’ circle of radius D 
and centre ‘I’, so that the magnitude of the distance from T’ is unchanged. 
Neglecting third-order quantities, it may then be shown as before that the total 
displacement east is now p+q+2vq, and the total rotation is +(qg—p), irre- 
spective of whether p or q is performed first; there are no interaction terms of 
order p, pq, or pv. ‘The second-order quantity 2vg, which appears in E-W angles, 
but not in N-S ones, may be dropped at this stage; it will probably lie below 
the probable error of g, and it will in any case never be used except when multiplied 
by quantities comparable with p. 

Fig. 4 represents a portion of the sky (looking outwards) which is viewed 
through a pentag orientated so that c,zz+9g0°. T’, the point seen in the absence 
of the pentag, is distant go° + 2v from O, in the N direction, and all great circles 








No. 6, 1960 The use of a pentag with a transit-circle 513 


through ‘I’ are parallel lines in this figure, which may be thought of as a Mercator 
projection with T’ as its pole. ‘The projections of the micrometer wires are 
tangents to great circles, and practically coincide with them throughout the field 
of view. The displacement from Q to P, caused by the rotation f, is at right angles 
to the N-direction, as shown. The displacement g, from O to Q, is inclined, but 
al! inclinations are of course enormously magnified here. 
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O is the point which would be seen, if the pentag were perfectly adjusted, 
when the circle-reading is c,, and the R.A. micrometer-reading is zero. (The 
‘* circle-reading’’ includes that part arising from the Z.D. micrometer, and is 
adjusted to be zero at the zenith.) P is the point actually seen, with the R.A. 
micrometer still at zero, and it is north of the E-W great circle through O by 
0”-01745 q? if q is now in minutes once more. PP’ is the image of the Z.D. wire, 
inclined at the angle +(g¢—p) to the east-west great circle through O; and points 
on this image, west of P by x (minutes of arc) are north of the great circle by 
0”-01745 [q?+(p—gq)x]. The declination-circle through O is north of the same 
great circle by 0”-00872 (p+q-—.x)*® tan; and the actual circle-reading, if the 
Z.D. wire bisects a star of the declination of O, when it is x minutes west of P, 
must therefore be increased by 


Ac, = 0°-01745[+ 9° + (p—q)x— (Pp +q—x)?tand] (20) 
in order to obtain the c, for use in eqn. (55) of the previous paper. ‘The upper 
signs are those appropriate to the argument just given, i.e. to the case where the 
pentag is set for c,xz+7/2, and the lower ones correspond to c,+2z— 7/2, as in 
the previous paper. The term 2v is shown (2) explicitly in (55) and is therefore 
not included in Ac,. 

So far as the term in tané is concerned, there is no need to determine p 
explicitly; the complete coefficient p+q—.x can be obtained directly, for each 
Z.D. bisection, by using the R.A. micrometer as well as the Z.D. one. It is not, 
of course, possible to bisect the star with both wires at once, but no real precision 
is required in R.A. and it is sufficient to set the R.A. wire slightly ahead of the 
star and to set the R.A. drive to the right speed as closely as practicable. The 
R.A. difference between star and wire will then be small and will vary linearly 
with time; if actual values are required at all, they can be estimated by eye at 
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known times before and after the set of Z.D. bisections, and interpolated. If, 
then, an audible signal is sounded at the times when the R.A. micrometer is 
recorded, the observer merely has to make his Z.D. bisections when he hears the 
signal. ‘The star’s distance east of the meridian is }(«—t)cos6 (in minutes of 
arc), at the true local sidereal time ¢, if « is its apparent right ascension and 
a—t is in seconds of time; we thus have 


k(a—t)cosd=p+q-—x, (21) 
where x is the recorded R.A. micrometer reading, corrected for the star—wire 


difference. For «, it will be sufficient to take the tabular apparent value. 
Accordingly, 


8 
Since this correction will in practice be averaged for a number of different Z.D. 
bisections at any one transit, the term which still contains p will vanish if the 
observations are so arranged that }x=o. If the observing procedure does not 
permit this, it will probably be simplest and most accurate to evaluate a mean p 
for the transit from (21), using all the ¢ and x values recorded (as well as the mean 
star—wire difference), and to insert this in (22). 

At high declinations, small errors in the instants of bisection (or in the esti- 
mated star-R.A. wire separations) will tend to become serious, in spite of the 
coefficient sin 25, since («—t) cosd will be roughly independent of 5. It will 
also be necessary, if p is large and of unknown sign, to set for each star well before 
true transit time and perhaps observe well after it. For both these reasons, high 
declinations are disadvantageous. Fortunately, it is not necessary to include 
them, in order to obtain a sufficient separation of the unknowns in (55); the 
observations always give only the difference in flexure, as between two pointings 
go° apart, and one should get exactly the same result from observing equatorial 
stars with and without the pentag as from observing near-polars with and 
without it. Incidentally, this means that we may somewhat further restrict the 
range of pointings over which auto-collimation readings are needed; within, say, 
+15° either way from the equator, we may perhaps omit them altogether. 

The pentag-mounting as used in this experimental work was inconvenient 
even when not in use, and was removed again to facilitate the AGK3R programme. 
When that has been completed, it is planned to make a sufficient series of flexure 
determinations, with a more fully engineered mounting. The use of tubing 


instead of angle-rods should diminish the tendency to slew, and so enable p to 
be kept small more readily. 


Ac, =0'-01745|, +qt (p-ae-(*") sin 28 |. 7) 
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ON THE DETERMINATION OF EPHEMERIS TIME: 
A CORRECTION 


C. A. Murray 


(Communicated by the Astronomer Royal) 


(Received 1960 January 21) 


Summary 


This note contains a correction to a previous paper in which recommenda- 
tions were made for the determination of Ephemeris Time. The statements in 
that paper on the equinox to be used in reducing the lunar observations are 
erroneous. A definite numerical formula for reducing modern observations, 
referred to the FK, system, to the system of Newcomb’s Fundamental 
Catalogue is proposed. 





In a previous paper (1) recommendations were given for the reduction of 
lunar observations and the determination of Ephemeris Time. Since that paper 
was published my attention has been drawn to a paper by Aoki (2) in which 
he concludes that the equinox to which the observed longitudes of the Moon, 
as derived by Spencer Jones (3), are referred, is that of Newcomb’s Fundamental 
Catalogue (4) and not the ideal equinox as I argued in my paper. Aoki’s conclu- 
sion is quite correct and the statements in Section 3 of my paper are erroneous. 

As Aoki points out, the constant and linear terms of the Moon’s mean longitude 
in the Improved Lunar Ephemeris (5) have been deduced from observations referred 
to Newcomb’s system, and hence, in all determinations of AT, the observed 
longitudes of the Moon should be referred to that system. 

The results from the annual discussions of occultations and of the Washington 
meridian observations are at present referred to the FK, system; it therefore 
seems desirable that a definite numerical formula for reducing longitudes observed 
with reference to the FK, system to that of Newcomb’s Fundamental Catalogue 
should be agreed on. A comparison between the systems of FK, and Eichel- 
berger is given by Nowacki (6). The straight mean of Ax, and Ap, gives for 
30° >5> —30° 

FK, — Eichelberger = + 0*-0016 + 0*-o00611 


where ¢ is measured in years from 1925. Also, a comparison between Eichel- 
berger and Newcomb is given in Eichelberger’s catalogue (7). The weighted 
mean of Ax, and Ap, for 30° >5> — 30° gives 


Eichelberger — Newcomb = — 0*-0533 — 0*-00054f; 
thus 
Newcomb — FK, = + 0*0517 — 0*-000071. 
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The equivalent correction in seconds of arc of longitude is obtained by multiplying 
by 15cose. Transferring the time origin to 1900 and the unit of time to centuries 
we have the following correction which should be applied to observations of the 


Moon’s longitude which have been referred to FK, in order to reduce them to 
Newcomb : 





+0"-73-—0"-10T. 


In particular, this correction should be applied to the observations since 1923 
used by Brouwer (8) in place of the constant 0”-6 adopted by him. 


Royal Greenwich Observatory, 
Herstmonceux Castle, Hailsham, 
Sussex: 
1959 December 31 
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THE CALCULATION OF METEOR VELOCITIES 
FROM CONTINUOUS-WAVE RADIO DIFFRACTION EFFECTS 
FROM TRAILS 
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(Received 1959 September 23) 


Summary 


The theory of continuous-wave radio diffraction effects from meteor trails 
is reviewed and it is shown that the zone lengths corresponding to the pairs of 
maxima of the echo waveform used for velocity measurements depend on the 
phase relationship between the ground wave and the wave reflected from the 
trail. Large errors can arise if no account is taken of this phase relationship. 
A new method of analysis for c.w. echoes is proposed and a comparison is 
made with other methods. It is shown that with this method it is possible to 
measure meteor orbits with a c.w. system. A discussion of the factors 
affecting the accuracy of measurements made with new equipment at Adelaide 
is given, together with some preliminary results. 





1. Introduction.—Radio measurements of the velocities of meteor particles 
have been carried out by observations of diffraction patterns from the ionized 
trails produced as the particles enter the Earth’s atmosphere. Expressions for 
the intensity of the radio echo from a meteor trail for both pulse and continuous- 
wave systems have been given by McKinley (1). In the c.w. case, where a 
portion of the signal radiated by the transmitter reaches the receiver directly, 
via the ground wave, the echo intensity is given by 


[= F2(C?+ S*)+ F2+2F,F 4(Ccosy— Ssiny), (1) 


where F, and F, are constants for a given meteor for the reflected and direct 
waves respectively, C and S are the Fresnel integrals and y is the phase difference 
between the ground wave and the wave reflected from the ¢, or specular reflection 
point of the trail. If R, is the range at the t, point, and D is the separation between 
transmitter and receiver, then 


p= = (2Ry-D). (2) 


Except in the immediate vicinity of the ¢) point, algebraic expressions for the 
echo waveform may be obtained by substituting Cauchy’s approximations for 
the Fresnel integrals C and S in equation (1). Prior to t) the echo is represented 
by 
2 


F 
2x2 


Iy= 


FF, . (a 
+F e+ ora sin (S +4) (3) 
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and after ¢, by 


2 


. F; ; 
I= F?7+2F+ nixd —2)/2F,F sin (v- *) 


, 12 
~ a | Fe+ 2F? —24/2F,F4sin (v- *) 
1X 4 


{sin == —tan- eee ‘emery } (4) 

2 F,+ F,cosyp 
where mx*/2 = 27s*/(R,A), s being the distance along the trail from the ¢) point. 
In terms of Cornu’s spiral representing the reflected wave, x is the distance 
along the curve corresponding to the distance s along the trail. 

The oscillatory term in each equation involves the phase angle y which is 
a constant for a particular meteor trail provided R, is constant, and serves to 
define the orientation of Cornu’s spiral representing the reflected wave, relative 
to the vector representing the ground wave. The waveforms of the diffraction 
echoes, commonly called ‘‘whistles’’, for meteors with various values of & 
will vary considerably due to the product of the functions in 1/x and 
sin(7x?/2+%) in the last term of equation (3) and the corresponding 
functions in equation (4). This complication does not arise in the case of 
pulse systems, where the ground wave is not present, and hence the waveforms 
are always of the same shape. 

It is now necessary to examine the implications of this change of the echo 
waveform with the value of % more closely, and in particular its effect on the 
measurement of velocities. 

2. Measurement of velocities from echo waveforms.—Any method for 
determining the velocity of a meteor from its diffraction pattern echo 
ultimately depends on a knowledge of the separation along Cornu’s spiral 
between points representing any two maxima or any two minima of the echo 
waveform. ‘Two such points constitute a zone. The distance along the spiral 
between the points defines a line segment of the meteor path since s? = (x?/4)R,A. 
The time 5¢ taken to traverse this distance s is obtained directly from the recorded 
echo and in this way the velocity v may be found; i.e. 


__ Vv v¥(RA) 
V= “tbe eal (5) 


where V is the zone value, i.e. difference in x-values for the particular zone. 
With the pulse system this method presents no difficulties since the zone values 
for any sets of maxima or minima may be calculated accurately from the Fresnel 
integrals. 

In the c.w. case the production of maxima and minima in the echo waveform 
is due to the vector addition of the ground wave and reflected wave as the end 
of the reflected wave vector moves along Cornu’s spiral at a rate determined by 
the velocity of the meteor. For example, at the time represented by the 
conditions shown in Fig. 1 (a), the resultant signal is approaching a maximum. 
For the two maxima, say mth and ath, produced when the end point of the 
reflected wave vector has reached P and Q respectively, the zone value is given 
by Vin.n=*Xp—%g- In Fig. 1 (6) the ground wave has a different phase from 
that of Fig. 1 (a) and the resultant signal now approaches a maximum at QO’ 
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Fic. 1.—Vector plots of ground wave and sky wave prior to the t, point, for two different values o, 
p o 
the phase of the ground wave. 


and P’. For the same two maxima, the mth and nth counting from the ¢, point, 
the zone value is V,,,=*Xp-—%g. Since P, P’, QO and Q’ are points ona spiral, 
the zone values for the zone defined by the mth and nth maxima (or minima) 
will be seen to be different for the two cases considered. It is therefore necessary 


to establish the variation of zone length V with the phase angle y before the c.w. 
waveforms can be used for velocity measurements. 

3. Variation of zone length V with phase angle s.—For zones of sufficiently 
high order prior to the ¢, point the loops of Cornu’s spiral are very nearly 
circular so that little variation of zone length with % would be expected. However 
this is not the case for the lower order zones which are normally used for velocity 
measurement. In fact the closer a given zone is to the ¢,) point, in general, the 
greater the possible variation in zone length with ys, due to increasing departure 
of a loop of the spiral from a circle as the ty point is approached. 

In Fig. 1, where two different phases of the ground wave are considered, 
the positions on the spiral of the 1st and 2nd maxima are shown for each case. 
Since the phase angle y% may liave any value between o and 27 it is possible to 
define the portions of the spiral on which the various maxima may lie. By starting 
with the 1st maximum prior to the ¢, point and working towards the higher order 
maxima it will be seen that the nth maximum may lie on a loop of the shape 
shown in Fig. 2 (actually the third loop is shown, i.e. n=3). Having established 
this, we are in a position to examine the zone values for the zone defined by the 
mth and nth maxima. 

In order to simplify the calculations McKinley used the 4th and gth cycles 
of the whistle in the bulk of his reduction work (1). Now, with a plot of the 4th 
and gth loops of Cornu’s spiral it is possible to determine graphically the 
distribution of values for V, , for various values of and different ratios of the 
ground wave amplitude to reflected wave amplitude. The resulting contour 
pattern is shown in Fig. 3. Except in cases where the amplitude of the total 
signal reflected from the trail is considerably greater than the amplitude of the 
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Fic. 2.—Method of defining the nth loop of Cornu’s spiral, prior to t,, draten for the case n= 3. 


ground wave, the contours of equal values of V, are seen to radiate from the 
negative focal point of the spiral, i.e. in general the value of the zone length 
depends directly on y. As can be seen from the diagram, V, , may vary between 
2°00 and 2-19, the discontinuity in the contour pattern at the extreme values 
resulting from the shape of the loops. 


200)2 19 





2090 2 2100 


Fic. 3.—Contour pattern showing distribution of values of V4.5 as a function of the amplitude and 
phase of the ground wave. 
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The same procedure could be used to examine the variation in V for the 
equivalent zone after t), but a rather different and more complicated contour 
pattern would result. It is sufficient to point out that the zone values found in 
this way for the whistle subsequent to ty will not be the same as those before t, 
for the same value of y. However, since the number of whistles occurring after 
the t, point which can be recorded satisfactorily is small (they rapidly tend to 
become lost in the larger body Doppler fluctuations due to wind drifts), a more 
detailed investigation is not warranted and we will confine the discussion to the 
zones prior to ty. 

By reasoning similar to that used to find the limiting values of V, 4 we can 
find the limiting values for any other zone length V,,, ,,, e.g. for V,,, the limits 
are 1-64 and 1°99, for Vs 4, 1°83 and 2-07 etc. The range of possible values for 
the zone lengths for several typical zones which may be used for velocity 
measurement is indicated in Table I. 

TasBLe I 
Values of zone lengths for typical zones 
Zone m,n Zone length Vm,n 
1°17—-1°45 
1°64-1°99 
2°07-2°46 
2°46-2'89 
1-OI-1‘I7 
1°43-1°64 
1°83-2°07 
0°90~-1°O1 
1'29-1°43 
2°00-2°19 
0°82-0'90 

4. Determination of s.—In order to make use of the appropriate zone values 
when calculating the velocity of a meteor, the value of % for the particular echo 
must be found. As can be seen from the range of values for the zone lengths 
given in Table I, very serious errors can arise if the value of % is not taken into 
account. 


Body Doppler 


Leen ey Mik pie 


Fic. 4.—A complete c.w. echo showing “ whistle” and body Doppler. 

It is not possible to determine % with any certainty by inspection of the 
whistle waveform. However, it is shown in what follows that by using the 
complete c.w. echo waveform comprising both whistle and body Doppler beat 
pattern due to the effect of wind drift on the trail, together with the sense of this 
drift, the phase of the ground wave at the times represented by any maxima 
of the whistle which are used in the measurement of velocity can be found. 
This method of analysis was suggested in a preliminary report by Mainstone, 
Elford and Weiss (2). 

Fig. 4 represents a complete c.w. echo. The body Doppler beat pattern 
results from the motion of the trail in the line of sight direction after formation, 
due to the changes in the phase of the wave reflected from the trail, relative to 
the ground wave. For a receding echo the reflected wave vector rotates in a 


39 
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clockwise direction with respect to the ground wave vector with increasing time, 
and for an approaching echo the rotation is anticlockwise. This is equivalent to 
the ground wave rotating about the reflected wave in an anticlockwise direction 
for a receding echo and in a clockwise direction for an approaching echo. This 
latter concept is more useful for the purpose of the discussion which follows. 

The minima of the body Doppler beats occur when the reflected and ground 
waves are exactly out of phase and the maxima when they are in phase. Hence 
the body Doppler record may be ‘‘calibrated’’ in terms of the angle y’, 
where yi’ is the angle between the ground wave and the resultant reflected wave 
(see Fig. 5). When the sense of drift of the trail is known, e.g. as in the case 
of the echoes recorded by Robertson, Liddy and Elford (§), this calibration is 
unambiguous. 

Provided that the body Doppler beat frequency is constant, we have the 
situation in which the ground wave vector is rotating at a constant rate relative 
to the reflected wave, and by extrapolation of this rotation into the region of the 
ty point and beyond, the phase relationship between the ground wave and the 
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Fic. 5.—Vector diagram showing relationship between ground wave vector, total sky wave vector 
and the vector representing the wave reflected from vicinity of the ty point. 


reflected wave at any instant may be found. In other words, during the 
formation of the trail the ground wave vector may be pictured as rotating 
continuously at a known rate about the negative focal point of Cornu’s spiral, 
while at the same time the end of the reflected wave vector moves along the spiral 
at a speed determined by the rate of formation of the trail. 

Since the vector representing the final intensity of the reflected wave lies 
along the line joining the focal points of Cornu’s spiral, all phase angles yf’ 
found from the body Doppler beat in the manner described above are measured 
from the ground wave to this line in a clockwise direction, whereas the values 
of % as defined in equation (2) are measured from the ground wave to the 
vector representing the wave reflected from the ¢, point, in the same sense. 
This is shown in Fig. 5. It will be seen that y=,’ —7/4. Extending this to 
the general case, the angle y,, where y,=,/—7/4, gives the direction of the 
ground wave relative to the x-axis of the spiral at time f. 
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5. Determination of V.—In order to apply the above method to the 
determination of the correct zone length V, certain rules must be observed. 
For the purposes of this discussion we shall assume that the whole. process is 
carried out graphically using Cornu’s spiral. In practice the reduction of data 
can be greatly simplified by the use of a table (see Section 7 (a)). 

Let us suppose that we wish to find V, , for the echo of Fig. 4. The phase 
of the ground wave at the instant of the first maximum of the diffraction whistle, 
counting backwards from t, is measured according to the above method, and the 
points of intersection (x,, x.) of this vector (produced) with the 4th and gth loops 
of Cornu’s spiral are noted (Fig. 6). The points x,, x, would then correspond 
to the positions of the 4th and gth maxima if no drift of the trail had occurred 
before the first maximum. 


Fic. 6.—Graphical solution for the values of V 4, p= %s—X@ 


From the echo the changes in the phase of the ground wave between the rst 
and 4th maxima and the 4th and gth maxima can be obtained. If the Doppler 
beat indicates a receding echo then the phase shift of the ground wave vector 
between the 1st, 4th and gth maxima is in a clockwise direction, and vice versa 
if the echo is approaching. It must be remembered that working from the 1st 
to the 4th and gth maxima prior to ¢, is equivalent to working backwards in time. 

Having established the directions of the ground wave vector at the 4th and 
gth maxima it is necessary to find the correct intersections with the spiral for 
both of these maxima. This is best done by using the points x, and x, as 
reference points and applying the rule that if the echo is receding the positions 
of the maxima move along the spiral away from the ¢, point, i.e. in a clockwise 
direction, and vice versa for an approaching echo, when proceeding from the 1st 
to the 4th and gth maxima. This method ensures that no ambiguity occurs, as 
could happen when the line of sight component of the drift velocity is very large 
and the meteor velocity relatively small, causing considerable rotation of the 
ground wave relative to the spiral, e.g. if v= 30 km/sec at range R,=140 km, 
and the body Doppler beat frequency f=15 cycles/sec, between the 4th and 
gth maxima the ground wave vector rotates through an angle of about 250°. 
However, under the conditions generally encountered and for the zones 
normally used, the rotation is usually less than 30°. 


39° 
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The above method of analysing the echo therefore enables the x-values for 
the mth and nth maxima to be obtained accurately and hence the true value 
of V,,,, may be used to measure the velocity of the meteor. 

6. The significance of the method 

(a) Velocity measurement.—From a consideration of equations (3) and (4) 
and a similar expression for the pulse echo waveform (1), McKinley proposed 
the formula 


/ j 

v= /RAL_V™) (6) 
ot 

for finding the velocity of a meteor if the time difference between the mth and ath 

oscillations, counting from ft), is 5¢. Now by analogy with the expression given 

in equation (5) which is used for determining velocities from pulse echoes, the 

quantity \/n— +/m of equation (6) must be equivalent to V/2 for the same zone. 

McKinley chose the 4th and gth oscillations of the whistle for the reduction 
of the bulk of his data because \/n—4/m becomes unity, thus simplifying the 
calculations. Now from Table I we find that V, , may have any value between 
2:00 and 2-19, so that the value V,,=2 which is in effect given by McKinley 
is actually the minimum of the possible zone values for this zone. Thus if 
equation (6) is used the calculated velocity could be in error by as much as 
g per cent. More significant is the fact that the calculated velocity will always 
be lower than the true velocity. 

For the 4th and gth maxima of a pulse echo the zone value given by the Fresnel 
integrals (3) is 2-113. In this case the use of equation (6) would lead to an error 
of 6 per cent. 

If equation (6) is applied to zones other than that of the 4th and gth maxima, 
the possible error is indicated by the range of values for V given in Table I, 
since for each zone the quantity 1/n — ./m corresponds to the lower limit. From 
this it can be seen that quite large errors can be introduced for zones approaching 
the ft, point. 

However, by taking into account the phase relationship between the ground 
wave and reflected wave the accuracy of the method of velocity measurement 
becomes independent of the zone used. 

(b) Orbit measurements using a c.w. system.—The fundamental measurements 
in meteor orbit determinations are the recording of the times of passage of the 
ty point relative to three spaced stations. With a knowledge of the velocity 
measured from one station, the time differences give the spatial orientation of the 
trail and hence the orbit can be determined. 

Gill and Davies (4) have described a pulse system for orbit measurements 
by this method. In their case the time of passage of the 1st maximum of the 
diffraction pattern was observed at three stations. Since the 1st maximum of 
a pulse diffraction echo represents a fixed point on Cornu’s spiral, the method 
is equivalent to measuring the time of passage of the ¢, point. 

In the c.w. case the position of the 1st maximum on Cornu’s spiral depends 
on the phase difference between ground wave and reflected wave, and in the 
absence of any knowledge of this phase difference an uncertainty of + 60 per cent, 
compared with the pulse case, can arise for each station. If the complete echo 
waveform from each station is recorded, however, the method of echo analysis 
given above allows the appropriate points on Cornu’s spiral corresponding to the 
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1st maxima of the three echoes to be identified. As the velocity is known, the 
corrections to be applied to: the measurement of the differences between the 
times of occurrence of the three maxima may be readily calculated. 

With this method, therefore, it should be possible to use a c.w. system to 
measure meteor orbits to at least the same order of accuracy as given by the 
pulse system of Gill and Davies. 

7. Adelaide equipment.—I\n order to measure meteor velocities, and eventually 
orbits, an equipment has been constructed to operate in conjunction with the 
upper atmosphere wind measuring equipment described by Robertson, Liddy and 
Elford (5). Some slight modifications have also been made to the original wind 
equipment, resulting in an increase in overall sensitivity. A discussion of some 
preliminary results from this equipment is given in Section g. 

(a) Table for data reduction.—In order to facilitate data reduction a table 
has been prepared giving the x-values on Cornu’s spiral at 10° intervals of % 


Tasie II 
Values of Vian 


Xs 


3°466 
3°483 
3°499 
3°514 
3°540 
3°556 
3°562 
3°577 
3°592 
3°608 
3°623 
3°638 
3°654 
3°669 
3°684 
3°699 
3°714 
3°729 
3°744 
3°758 
3°773 
3°788 
3°803 
3°817 
3°832 
3°846 
3°860 
3°875 
3°889 
3°903 
3°917 
3°932 
3°946 
3°960 
3°974 
3°988 
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for that portion of the spiral covering the 2nd to the 7th loops. Pearcey’s tables 
of the Fresnel integrals (6) were used for this purpose. 

In Table II the x-values for each loop are tabulated under x, x3, .... 
It must be remembered, however, that since the spiral is a continuous curve 
it sometimes happens that, for example, the 5th maximum actually lies on the 
6th loop or vice versa. 

As the oth loop of the spiral is not included in Table II (Pearcey’s tables 
do not extend sufficiently far to include this loop), echoes for which the 4th and 
gth maxima are used must still be solved graphically. However, if warranted, 
the table could be extended by other means to cover the gth loop. 

8. Factors affecting velocity measurement.—In addition to the inherent 
limitations of the equipment, three physical factors may lead to inaccuracy 
in velocity measurements by radio reflections, viz. non-uniformity of ionization 
along the trail, wind shear, and diffusion of the trail during formation. 

(a) Non-uniformity of ionization.—Some meteors are known to produce 
bursts of ionization along their paths. The result is that there is local distortion 
of Cornu’s spiral for the wave reflected from the trail which thus alters the 
diffraction pattern observed at the receiver. The effect is possibly more serious 
in the case of c.w. than pulse observations because of the vector sum involved 
in the production of maxima. However the number of meteors which show 
bursts of ionization is quite small, and in any case serious irregularities in 
ionization will be detectable in the c.w. system as distortion of the whistle 
amplitude, and these can be rejected during the reduction of the data. Another 
source of non-uniformity of ionization arises from the change in ionization 
along the trail as the meteor evaporates in the Earth’s atmosphere. The worst 
case arises when the meteor enters the atmosphere at near vertical incidence, 
when the ionization along the trail may change by as much as 10 per cent per km. 
The effect of such an ionization gradient on the measurement of velocities requires 
further investigation since in the mathematical development of the Fresnel 
diffraction theory of meteor echoes a uniformly ionized trail is assumed. 

The effect of both positive and negative ionization gradients of 10 per cent 
per km has been considered. By comparison with Cornu’s spiral for a uniformly 
ionized trail, both the shape and focal point of the spiral are altered. However, 
the combined effect of these distortions of the spiral is such that for any particular 
maximum of the c.w. echo waveform the error in the phase of the reflected wave 
does not exceed 4°. Reference to Table II shows that the resulting error in the 
difference in ‘‘ x-values’’ on the spiral for any two maxima is negligible. 

(6) Wind shear.—Kaiser (7) has investigated the effect of a uniform wind 
shear on velocity measurements with pulse equipments. For a wind shear of 
10 m/sec/km of trail length he finds that the difference between the apparent 
and true velocities for a meteor with a velocity of 40 km/sec is less than 1 per cent. 

The effect of wind shear on c.w. measurements is to cause a non-uniform 
rotation of the ground wave vector relative to Cornu’s spiral. We would 
therefore expect a linear extrapolation of the body Doppler beat into the region 
of the whistle to lead to an error in velocity measurement. 

The error in neglecting the effect of wind shear depends on the ratio of the 
wind gradient to the line of sight component of the wind at the ¢, point. Thus 
the greatest error is likely to arise when the line of sight component of the wind 
is small, as indicated by a very low frequency body Doppler. The error will 
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also be greatest when the meteor velocity is low, as the extrapolation is then 
made over a longer period of time. 

The highest wind gradient recorded at Adelaide is less than 10 m/sec/km, 
and the lowest frequency body Doppler which triggers the recording system is 
of the order of 1-5 cycles/sec, corresponding to a line of sight component of 
the wind of about 8 m/sec. An upper limit to the error may thus be found - 
by assuming an actual wind speed of 8 m/sec at the ¢, point, towards or away 
from the observer and a wind shear of 10 m/sec/km. Since the aerial system 
is such that most of the trails which are detected are formed at a low inclination 
to the horizontal we shall consider the effect of the above conditions on a meteor 
of velocity 20 km/sec forming a trail inclined at 30° to the horizontal at a range , 
of 100 km. 

If the zone defined by the 2nd and 7th maxima is used, it is found that the 
measured velocity is in error by 1 per cent if the effect of wind shear is neglected. 
This error is even less if intermediate zones such as that of the 7th and 4th or 
6th and 3rd maxima are used. : 

Since the wind gradient encountered above Adelaide only occasionally 
exceeds 2~4 m/sec/km the effect of wind shear on velocity measurement with 
the c.w. system may be neglected. 

(c) Diffusion of the trail during formation.—Ellyett (8) has considered the 
effect of diffusion of the trail during formation and the consequent decay of the 
echo on the pulse diffraction pattern. He finds that the lengths of the zones 
immediately following the ¢) point are altered by 10-12 per cent under conditions 
of severe diffusion, but after the 3rd zone, the variation is much less than 
I per cent. 

The effect is much less serious in the case of the zones before the tf) point 
used in the c.w. measurements, owing to the time dependence of the diffusion 
and the vector sum involved in the production of the maxima of the echo, and 
may be neglected. 

g. Discussion of preliminary results.—Fig. 7 shows the distribution of velocities 
of 65 sporadic meteors measured using the c.w. system at Adelaide. Fig. 7 (a) 
is the distribution (v,) obtained by applying McKinley’s formula, Fig. 7 (6) the 
distribution (v,) for the same meteors when corrected for ground wave phase. 
The majority of echoes were analysed by using the zone defined by the 2nd and 
5th maxima, the remainder by the zone of the 4th and gth maxima, and the 
zone of the 2nd and 4th maxima. 

Fig. 8 is a plot of the difference between v, and v, against v, for each meteor. 
From this diagram it is clear that the error is essentially negative as would be 
expected from the discussion in Section 6(a). The same trend is indicated 
by comparison of the means of the two distributions of Fig. 7, viz. 34°5 km/sec 
for v, and 38-0 km/sec for 7v,. 

The broken line in Fig. 8 is the least squares fit for the plotted values. It 
will be seen that the average error increases with velocity in such a way that the 
average percentage error is constant at about —8 per cent. A constant average 
percentage error would be expected since the error involves only the x-values 
on Cornu’s spiral which are independent of velocity. If the zone defined by 
the 2nd and 5th maxima had been used exclusively, an average error of about 
—10 per cent would be expected; if the 4th and gth maxima had been used 
exclusively the expected average error would be about — 5 per cent (see Table I). 
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This assumes that the effect of the rotation of the ground wave vector, being in 
opposite sense for receding and approaching echoes, tends to cancel over a 
large number of echoes. This assumption appears to be correct since an average 
error of —8 per cent is obtained after analysing the majority of echoes by using 
the 2nd and 5th maxima. 

The correction involves a considerable increase in equipment complexity 
and film reading procedure. If this is not practicable, the systematic negative 
error can be eliminated by using the mean value for the zone length for each zone, 
e.g. V = 2-10 for the 4th and gth maxima. However an uncertainty of +5 per cent 
for the 4th-gth zone and + 10 per cent for the 2nd~—sth zone etc. would remain, 
and it would appear that such large errors would be completely unacceptable 
for most applications of meteor velocities. 
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THE STRUCTURE AND MAGNETIC FIELD 
OF THE SOLAR CORONA 


J. A. Hoigbom 


(Received 1959 December 10)* 
Summary 


Observations of the radio star Taurus-A when it passed close to the Sun 
in June 1958 have shown that the scattering of radio waves in the solar corona 
is highly anisotropic and this is interpreted in terms of irregularities aligned 
in the general magnetic field of the Sun. ‘The direction of the field can thus 
be investigated, and has been found to be approximately radial between 10 
and 30 solar radii. The scattering irregularities can be regarded as an 
extension of the fine structure seen on eclipse photographs. ‘The anisotropic 
scattering also provides a possible explanation of the observed variations of 
integrated intensity from the radio star at closest approach. 

It is suggested that the corona at maximum phase is expanding and that 
the observed radial field is the result of localized fields from the surface 
being carried out in the corona by the expanding gas ‘The typical polar field 
at sunspot minimum could then be caused by a consistent N-S asymmetry 
in the localized fields during the preceding maximum phase. 

When the extreme minimum corona of the 1954 eclipse is treated as a 
magneto-hydrostatically stable configuration, the surface field strength at the 
poles can be calculated. ‘The result, 1:5 gauss, agrees well with the photo- 
spheric measurements by Babcock. 





1. Introduction.—When the radio star Taurus-A passes close to the Sun 
it can be observed through the outer corona. Machin and Smith (1951) and 
Vitkevitch (1951) showed that this would cause refraction effects and that the 
electron density in the corona could be calculated if the effective occultation 
radius is known as a function of radio frequency. The main effect observed, 
however, proved to be an apparent broadening of the source due to the scattering 
of the radio waves by irregularities in the electron density of the corona (Machin 
and Smith 1952, Hewish 1955, Vitkevitch 1955). Hewish showed also that the 
size of the irregularities must be in the range 1-10°km. This is much smaller 
than the mean free path for electrons and protons in these parts of the corona. 
If there are no forces keeping the irregularities together, they must diffuse with 
a speed comparable with the thermal velocity of the protons and be smoothed 
out in less than one hour. It is difficult to imagine any mechanism that can replace 
them at this rate and Hewish suggested that the irregularities represent an 
extension of the visible polar plumes, maintained by the general magnetic field 
of the Sun. 

The path of a charged particle in a magnetic field is a spiral about a particular 
line of force which it cannot leave unless it suffers collision with another particle. 
In the corona, collisions are rare and mass motions and diffusion must take 
place almost entirely along the lines of force. The conditions along adjacent 
lines of force may be different; this is likely to be the explanation of the polar 
plumes (Alfvén 1941, van de Hulst 1950). 


* Received in original form 1959 August 14. 
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This argument can be applied to the irregularities responsible for the 
scattering of the radio waves, but they must then be filamentary and lined up 
parallel to the magnetic field. Some evidence for this was obtained in 1956 . 
when it was found that scattering, measured in a N-S direction, was greater 
than that measured E-W (Hewish 1958). Similar results were reported by 
Vitkevitch (1958) from observations of the same occultation as that described 
here. It is, however, necessary to make simultaneous observations in three 
different directions to determine the direction of maximum scattering uniquely. 
This is at right angles to the mean direction of the filaments and the magnetic 
field along the line of sight. Observations were made in Cambridge in 1958 
June using three interferometers and the direction of the magnetic field could 
be determined out to a distance of 30R,.. 

A large reduction of integrated intensity from the radio star occurs at 38 Mc/s 
when it is observed near closest approach. Changes of integrated intensity have 
also been observed by Blum and Boischot (1958) at 169 Mc/s and by Slee (1959) 
at 85 Mc/s, and were by these authors ascribed to refraction effects. On the 
ether hand, Hewish (1958) found that it is not possible to account for these 
changes on the basis of isotropic scattering and refraction unless the mean 
electron density is higher than that determined optically. The observed 
anisotropic scattering changes the situation, and it is even possible to understand 
the intensity variations without reference to refraction. This is shown in the 
Appendix. ‘The observational material is, however, not yet enough to decide 
whether this mechanism is the main reason for the intensity variations. 


2. The observations.—Four phase-switching interferometers were used at a 
frequency of 38 Mc/s. In three of these a 3300 ft E-W corner reflector was 
combined with smaller aerials to give two axes of length about 454 SW-NE 
and SE-NW, and one about 3A N-S. The latter system was designed to 
investigate changes of integrated intensity, but it also enabled the large 
scattering at closest approach to be determined directly from the broadening 
of the response of the o°-8 fan beam. A 133A E-W interferometer was also 
used which, when combined with the skew axis pair, made it possible to 
determine uniquely the direction of maximum scattering. 


w- A 


A. 








Fic. 1.—The normalized response of the Crab nebula as observed with the three interferometers 
(a), (6), (c), and the integrated intensity as measured with the fan beam (d). 
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Fic. 2.—Examples of fan beam tracings. 





. 3.—The apparent dimensions of the Crab nebula. 
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The four occultation curves are shown in Fig. 1, and some tracings from the 
3A total power system in Fig. 2. The corresponding diameters (Fig. 3) were 
calculated from these observations assuming Gaussian brightness distributions 
and refer to the widths between exp(—1) points. The direction of the 
magnetic field, i.e. that at right angles to the maximum scattering is plotted in - 
Fig.4. This is within the observational errors directed radially away from the Sun. 


e ° . i 


pA ~_—__ , 


Fic. 4.—The direction of the coronal magnetic field as indicated by the anisotropic scattering. 


Fig. 3 also shows that the scattered distribution as seen from the Earth ~ 
cannot be purely linear at right angles to the radius vector from the Sun. 
A linear distribution can be expected only if all the filaments are lined up exactly 
parallel to each other. There is certainly some misalignment of the filaments 
along the line of sight which would cause a broadening; furthermore, radially 
orientated filaments can be regarded as parallel only where the scattered 
distribution occupies an angle which is small compared with the distance to 
the Sun (see Appendix). 

3. The structure of the maximum corona.—The observations were made close 
to a maximum in the sunspot cycle and typical eclipse photographs at this phase 
show a spherically symmetrical corona with fine structure directed approximately 
radially away from the Sun. This structure can now be observed as far out as 
30R,. by radio means. The configuration of the magnetic field, as outlined by 
the structural details, is such that it cannot be due to currents entirely inside 
the Sun (Gold 1955). This shows that the field is to a very great extent 
determined by the movements of the coronal electron gas. 

There is, at sunspot maximum, a great number of localized photospheric 
fields all over the solar disk (Babcock and Babcock 1955) and these are presumably 
connected with the arches seen in the lower corona. The electron density and 
the temperature in these is higher than in the surroundings. Such a configuration 
is likely to be expanding and this gives a mechanism for transporting magnetic 
fields out into the corona. The presence of a magnetic field does not change the 
hydrostatic equilibrium along any one line of force (van de Hulst 1950). If a 
high gas pressure is maintained above an active region on the surface, it is 
necessary for equilibrium to have an increased pressure within the whole region 
occupied by its local magnetic field. The energy density of such a field falls off 
steeply with height, and at some distance from the surface, this will be less than 
the difference in kinetic energy between the gas inside and outside the field region. 
Thus, at some height, the structure becomes unstable and expands and the 
expansion may continue indefinitely as the field, stretched out in this way, will 
be too weak to contain the excess pressure. Many of the details seen on eclipse 
photographs certainly give the impression that such a process is going on (for 
instance the drawings of the corona communicated by the Astronomer Royal 
and published by the Society (1927)). 
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The radial magnetic field gives a strong indication that the corona as a whole 
is expanding, but the velocity does not have to be very high. The diffusion of the 
lines of force through the coronal gas is very slow because of its high electrical 
conductivity. The field will remain approximately radial as long as expansion 
velocities dominate those of this diffusion. A radial field does not necessarily 
require the very high velocities, 500-1000 km/s, proposed by Parker (1958). 

Chapman (1957) made a detailed analysis of the corona, regarded as a quiet 
atmosphere. All heating is here supposed to be from the surface by thermal 
conduction. The inner parts of the corona are thus kept at a temperature 7), 
and the corona is taken to be in gravitational equilibrium with the Sun. With 
Ty = 10° °K, the computed electron densities agree very well with those measured. 
Chapman’s model can be in equilibrium only if interstellar densities are very 
much higher than those observed (Parker 1958), and the influence of magnetic 
fields has been ignored. A static corona would have to rotate with the Sun as 
a rigid body and the centrifugal force then becomes important at distances 
>30R_o. The thermal conductivity can also be changed by the presence of 
magnetic fields. It seems possible, however, that the real conditions can be 
described according to Chapman, if his theory is modified by the introduction 
of a moderate general expansion. 

4. The structure of the minimum corona.—An extreme case of a quiet minimum 
corona was observed at the 1954 eclipse. It possessed a high degree of symmetry 
and seemed to be completely undisturbed by local fields from the sunspot belts. 
If this is a stable configuration, all mass motions must take place along the lines 
of force of a stationary magnetic field. The equatorial streamers, which are 
probably parts of an uninterrupted belt around the Sun, converge and break up 
into narrow spikes at about 5Ro. The general expansion velocity inside this 
belt must be small, because it would otherwise lead to impossible velocities 
inside these spikes. 

It would be interesting to know if this configuration satisfies the magneto- 
hydrostatic equations, but the calculations have not yet been made. It is, 
however, easy to calculate what the polar field must be if this corona were 
approximately in hydrostatic equilibrium. It is well known that the effect of 
a magnetic field is equivalent to a pressure H?/8m at right angles to the field 
together with a tension H?/87 along the lines of force. The latter term is 
important mainly where the lines of force are curved. The contours of the 
equatorial streamers were in 1954 practically straight at about 3R_ from the 
centre of the Sun, and if extrapolated to this distance, this would also hold for 
the polar plumes. In this case, the sum of the kinetic gas pressure 2kT N, and 
the component of the magnetic lateral pressure at right angles to the radius 
vector, (H?/87).cosx, must be a constant on the surface R=3Ro. Thus, if 
the magnetic field is known at any point on this surface it can be calculated 
everywhere else from the known gas densities and temperatures. 

The general field is known to have had different polarity in the two 
hemispheres (Babcock and Babcock 1955) and the equatorial field can then 
be expected to be very weak; the absence of structural details inside the 
streamers supports this view. Assuming that the magnetic pressure on the 
equator is negligible one gets for the polar field at three solar radii: 


H?,,,/80 = 2k. T.AN,. 
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At this distance the equatorial density was 3-4 x 10°cm~* (Blackwell 1956). 
For the polar regions we shall use the value 1-6 x 105 cm~* (Michard 1954). 
The temperature in both regions is probably close to 7x 10°°K (de Jaeger 
1959). ‘The polar field strength at 3Ro then becomes 3-0 x 10~* gauss. 

The polar rays show the configuration of the field out to about 2Ro. 
If they are extrapolated to 3R_,, it becomes possible to relate the coronal field 
to the surface field at the poles. This is then found to be about 50 times stronger 
or I°5 gauss, in excellent agreement with measurements of the Zeeman effect 
in the photosphere (Babcock and Babcock 1955). 

Gold (1956) showed that the existence of the polar rays requires a field of 
at least one gauss to balance the excess pressure, and Conway (1956) could set 
an upper limit of 2-5 gauss from the absence of detectable circular polarization 
of the radio waves from the quiet Sun. Three independent determinations give 
a value of about 1-5 gauss for the polar field strength in 1954: 


(i) Photospheric Zeeman effect. 
(ii) The large scale structure of the corona. 


(iii) The pressure balance of the polar rays and the absence of detectable 
circularly polarized radio waves from the Sun. 


This good agreement is not likely to be due to a coincidence, and the 
reasonable assumption that the three methods do in fact measure the same 
physical quantity leads to some important conclusions : 

the photospheric Zeeman effect measures the mean flux through the 
photosphere, and Alfvén’s (1956) objection to the method does not apply; 

the polar field in the corona equals the mean field through the photosphere 
and there is no electromagnetic shielding; 

the hypothesis that the corona of 1954 was a quiet atmosphere, subject only 
to the forces of gravity and a general magnetic field, has given the right value of 
the field strength; and 

the surface field strength at the poles was approximately 1-5 gauss. 

The energy density of the general magnetic field is comparable with the 
kinetic energy of the coronal gas, and there are certainly ways in which gas and 
fields interact. This points at a connection, and it seems easier to think of the 
gas movements as determining the field than the other way round. If there is 
any N-S asymmetry in the fields that are carried out in the corona during the 
maximum phase of the solar cycle, there will be a residual magnetism left over 
in the polar regions. The polar field should then change sign from one cycle 
to the other because this is known to be the case with the sunspot fields. Babcock 
(1959) has reported such a change from his magnetograph observations. It has 
recently changed to a S magnetic pole in the northern hemisphere; during the 
last cycle the following (northern) spot in a typical dipolar group had this polarity. 

5. The fine structure of the corona.—Hewish (1955) found that the scale / of 
the scattering irregularities was in the region 1-10°km. At the upper limit the 
required variations in the electron density were about the same as the electron 
density itself and he suggested that the irregularities may represent an extension 
of the polar rays. The electron density in these is 5-10 times the mean density 
(Saito 1958) and, if extrapolated to the outer corona, their width would be 
about 10°km. They do not appear at sunspot maximum, but photographs show 
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a great number of other fine rays which may be the cause of the scattering. The 
theory of Chandrasekhar (1952) gives for the r.m.s. scattering angle ¢: 


2 
$= cL. 


Following Hewish we set L, the r.m.s. difference in electrical length for waves 
passing the corona, equal to the path difference introduced by one irregularity 
times the root of the number n of irregularities encountered : 


Lx $l. Mev/n. 
e is the dielectric constant. 
b= Aey\/n=2:°8x 10%AN,4/n radians at 38 Mc/s 


when expressed in terms of the variations of the electron density. Assuming 
that the rays in the maximum corona, like the polar rays, have electron densities 
5-10 times the mean density we find at 15Ro with Blackwell’s (1956) electron 
densities : 

$= (0°6-1'1)10~*4/n radians. 


© Blum and Boischot (1958) 
@ Present Obs. 
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Fic. 5.——-The measured coronal scattering compared with the equatorial electron densities 
of Blackwell. 


The observed scattering at this distance is 30’ =0-g x 10~* radians. If the radio 
waves encounter only a few of these rays they will be scattered through an angle 
large enough to explain the observations. Thus it is possible to account for the 
observed scattering in terms of the known structure, provided this can be 
extrapolated to the outer corona. There is on present evidence no need to 
introduce any unknown small scale structure. 

On the simplest possible model the diameter of the rays is set proportional 
to the distance from the Sun, and the ratio of the electron densities inside and 
between the rays assumed to be a constant. The scattering should in this case 
be directly proportional to the mean electron density. The present measure- 
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ments at 38 Mc/s and Blackwell’s electron densities are compared in Fig. 5. 
Some measurements by Blum and Boischot (1958) at 169 Mc/s have been 
included to get points closer to the Sun. These have been scaled by a factor 
(169/38)? and the direction of maximum scattering assumed to be at right angles 
to the radius vector from the Sun. The points define a curve which, within the . 
limits of error, is parallel to that of the electron density on the logarithmic scaie. 
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APPENDIX 


The anisotropic scattering makes the situation complicated near closest 
approach. We shall here use an extremely simplified model of the coronal 
scattering in order to show the kind of effects that may occur. In this model 
refraction is ignored, the scattering is supposed to be only at right angles to the 
radius vector from the Sun and to obey a power law ¢(p)=¢,p~* for the half- 
width of the scattering angle. 





Fic. 6.—Scattering hy radially orientated filaments near closest approach. 


Fig. 6 shows the relative position of the Sun and the Earth as seen from the 
radio star. The rays incident on the corona at some point P will be scattered 
along a line PE at right angles to the radius SP. The locus of points from which 
some scattered radiation may reach the Earth is thus the circle SPE. This would 
also be the apparent shape of the source seen from the Earth, but the inner parts 
of the circle will contribute very little as the scattering here is very large and the 


40 
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incident power spread over a large angle. We want to know the total flux received 
at the Earth. The waves will be regarded as scattered with equal intensity 
through the angle 2¢(p). A Gaussian power distribution will be approximated 
later, using the results obtained for three values of ¢(p), namely $¢,p~*, dp~* 
and $¢,p~*. Of the flux incident on the corona at the distance p (Fig. 6) a fraction 
dr 
$(p) sin a : 

appears between r and (r+dr). For unit power density, the total power available 
from the annular region of radius p is 2mpdp. The area of the region at r is 
2nmrdr. The intensity at r due to the region at p is then: 


a, 
r¢(p)sina’ 
and the total flux F: 
ry gf em 
ad Re rar 


inserting ¢(p)=¢,p~* and p=rcosa: 


roti 


F(r)= 5 |. (cosayt*tda. 


For small values of r, the Earth lies within the scattered distribution whatever 
the position of P on the circle SPE, but when r is large there are two regions 
contributing to the integral. The observations at about 15Ro are regarded 
as the most accurate, and give a relation between ¢, ands. The other observations 
(Fig. 5) are consistent with a value of s between 2 and 3. The function F(r) is 








Fic. 7.—The expected variation of integrated flux from the radio star according to the simple 
scattering model and the observations at 38 Mc/s. 
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plotted for these two values of s in Fig. 7 together with available measurements 
at 38 Mc/s. This mechanism produces a reduction of integrated intensity at 
distances, where this is observed, but it also requires an enhancement outside 
the effective occultation radius. This is not observed at 38 Mc/s but has been 
reported at higher frequencies (Blum and Boischot 1958, Slee 1959). _ 

Such an enhancement must occur on any theory that does not involve 
absorption because the flux falling on the corona inside the occultation radius 
cannot disappear. However, the enhancement is very sensitive to a departure 
from spherical symmetry in the corona; if the scattering law is somewhat 
dependent on heliographic latitude, the enhancement can disappear for 
observations close to the equator, but will then appear in excess when the 


occultation happens near the polar regions. This could explain the different 
results obtained at different frequencies. 
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Summary 


From a detailed examination of all stars with known proper motion and 
radial velocity, approximately 200 stars and binary systems, in addition to the 
known members of the Hyades and Praesepe clusters, have been selected as 
probable members of the Hyades group. The (My, B—V)-diagram for 
less than 50 per cent of these stars for which accurate magnitudes and colours 
are available shows (1) that evolution in the group has reached stars with 
My +2™, (2) a well-defined Hertzsprung gap (B— V = +0" +35 to +0™-gs5) 
between My = +0™-5 and +1™-5 with the prototype variable 6 Scu and the 
peculiar stars / CrB and y Cap on the blue edge of the gap, and (3) that, in 
common with most well-observed clusters, there are at least two group 
members still on or near the main sequence well above the break-off point 
—a CVn and y Cen. A comparison between the group and trigonometric 
parallaxes shows no large systematic error in the latter and confirms the high 
weight usually given the determinations made at the Allegheny Observatory. 

The space distribution of the group members indicates that (a) there are 
probably many undiscovered members near the Sun in the Southern 
Hemisphere and (6) the group may be elongated in the direction of galactic 
rotation. The correlation between the velocity of the individual group 
members perpendicular to the galactic plane and their distance from that 
plane indicates that this motion may be uncoupled from that in the plane. 

More than 50 per cent of the stars selected as group members have at 
least one known companion. The sixteen main sequence binaries with 
known orbital elements are found to deviate more from the normal mass— 
luminosity relation than the two giant systems in the group, « Aur and y Cen. 
There are several eclipsing binaries among the group members but complete 
data are available for only TX Cnc, in the Praesepe cluster, and Z Her. 
The primary component of Z Her may be a normal main sequence star 
but the companion is a late-type subgiant which is evolutive. 





1. Members of the Hyades group.—In the first paper of this series (Eggen 
1958a, Paper 1) and a subsequent note (Eggen 1959a) the probability that the 
space motion of the Hyades cluster is shared by an equal number of non-cluster 
stars as well as by the Praesepe cluster was discussed. ‘There seems to be little 
doubt that these stars form a moving group with a diameter of at least 200 parsecs. 
If the space motion vectors are designated as U (directed away from the galactic 
centre), V (in the direction of galactic rotation) and W (toward the North 
galactic pole), the size and direction of the group’s space motion is such as to 
place it in the (U, V)-plane near the edge of the (U, V)-distribution of the older 
population 1 stars (Eggen 1960a, Paper V1). ‘This circumstance has made it 
possible to detect the presence of the group by the ‘‘ convergent-point’’ method 
(Paper 1). However, since the majority of the older population 1 are moving 
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in nearly the same direction with only slightly reduced speed, the convergent-point 
method of selecting group members will not entirely eliminate non-members, 
especially since the acceptance tolerances on the radial velocity and proper motion 
criteria of the method have to be made large enough to allow for inevitable 
observational errors. Furthermore, the convergent-point method fails to allow 
for the probability that the W-motion may be partly, or even completely, 
uncoupled from that in U and V. 

A preferable method of selecting group members would, of course, be in 
computing space motion vectors for a large number of stars and then selecting 
those that have a common motion with the Hyades. This has been done for the 
few classes of objects for which homogeneously accurate estimates of the parallax 
are available—photometric parallaxes of late-type main sequence stars (Eggen 
1958b, Paper III), dynamical parallaxes of binary stars (Eggen 1959C¢), 
photometric parallaxes of peculiar and metallic-line A-type stars (Eggen 1959 b) 
and photometric parallaxes of dwarf A-type and giant M-type stars (Eggen 
1960 b, Paper V1)—and in all cases the existence of a Hyades group was apparent. 

In lieu of accurate luminosity estimates, there are two additional criteria 
available for judging group membership of stars selected. by the convergent-point 
method: (1) the observed ultra-violet excess and (2) the (M,, B— V)-diagram. 
Since the Hyades cluster stars show as strong a metallic-line spectrum as observed 
in the nearby stars, they have been used to define the standard (U — B, B— V)- 
relation (Sandage and Eggen 1959). ‘The field stars of types later than about Fo 
show an ultra-violet excess, 6(U—B), of up to o™-25 from this relation and, 
since we can assume that the Hyades group and cluster stars are coeval and, 
therefore, probably have the same abundance of heavy elements, the presence 
of an ultra-violet excess might be used to eliminate non-group members. 
However, interstellar absorption and the presence of undetected companions 
can also cause an observed ultra-violet excess and for this reason, and because 
(a) very few candidates for group membership have been observed in the 
ultra-violet and (b) it is desirable eventually to test the assumption that group 
and cluster stars obey the same (U—B, B—V)-relation, I have not used this 
criterion in selecting the stars discussed here. Eventually a form of narrow band 
photometry such as that described by Strémgren (1950) may be more useful 
than the observed 5(U — B) in deciding on group membership for any particular 
star. 

The form of the (M,, B—V)-diagram for the group is well established by 
the Hyades and Praesepe cluster members and the few well observed field stars 
for which there seems to be no doubt of group membership. ‘Therefore I have 
adopted the following procedure in selecting the probable group members 
listed in Table I. The predicted position angle of the proper motion, 6,, and 
the radial velocity, p,, on the assumption of group membership, were computed 
(with the Hollerith 602A computer of the Nautical Almanac Office) for every 
star for which an observed radial velocity and proper motion are available. All 
stars for which @,—6,<50° and p,—p,<20 km/sec were selected and space 
motion vectors computed (with a desk calculator) for a range of reasonable 
values of the parallax using the spectral type only as a guide. If, for any value 
of the parallax, the resulting values of (U, V) could be matched with those of the 
Hyades cluster, (U, V)=(+ 40, —18), within +3 km/sec in both coordinates 
the star was accepted as a candidate for membership in the group—the W-velocity 
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was completely disregarded and no star was removed from the list of candidates 
on the basis of the W-velocity alone. The group parallax was then computed 
for these candidates from the relation 7, = 4°74 4/45 sinA, where A is the angular 
distance of the candidate from the convergent point of the Hyades cluster 
motion: R.A.=6"18™-5, Dec.= +7°-6. The group parallax derived in this 
way was used to avoid any prejudice in the resulting values of (U,V). Using 
the luminosity computed from the group parallax, each star was plotted in a 
(M,, Sp.T.)-diagram for the Hyades and Praesepe clusters and accepted as a 
member if it fell within about 1 magnitude of any sequence of that diagram. 
In practice it was found that of the stars for which a (U,V)-match with the 
Hyades was possible, only about two dozen were subsequently rejected because 
of position in the (M,, Sp.'l.)-diagram and many of these were early B-type 
or supergiant stars with small and uncertain proper motions. A few additional 
stars for which the observational data are extremely weak were also eliminated 
even though the available weak data indicate that they are probably group 
members. It should be noted that the group parallax, 7,, computed as described 
above, is dependent only upon the observed proper motion; and although the 
resulting total space motion will be that of the group, any variation that may 
exist in the ratio U/V from star to star or dependence of U or V on distance 
may be masked. ‘This point will be discussed further in Section 3. 

The group stars, other than known members of the Hyades (Bueren 1951) 
and Praesepe (Klein Wassink 1927) clusters selected by the procedure outlined 
above are listed in Table I. ‘The table contains the following information: 

Wilson No.: The number in the radial velocity catalogue (Wilson 1953). 

Name: Alternative identification. 

Vy, B—V, U-—B: ‘The two-decimal magnitudes and the colours are photo- 
electrically determined values and are taken from a great variety of sources; 
a few are previously unpublished determinations made with the McClean 
refractor at the Cape Observatory. The one-decimal magnitudes are visual 
estimates. A few determinations of U—B, made with the Cape refractor, are 
given in parentheses. 

Sp.: Spectral type on the MK-system when available, taken from a variety 
of sources, or the Mount Wilson system (Wilson 1953). A few types are from 
the HD. The types of both components of a binary are given when available. 

p,Q: The radial velocity and its quality taken from the General Catalogue 
(Wilson 1953); a few additional values have also been included. 

#4» Hg, S: The mean proper motion and its source. ‘The proper motion of 
most of the stars is large enough so that the differences between various systems 
(e.g. N30, GC, FK3) have little effect in the present discussion. ‘The catalogues 
consulted in forming the mean values are as follows: 

. GC. 8. A. Reitz, Annals Lund Obs., No. 14, 
. N30. 1957. 

. FK3 and supplements. . J. Robertson, Washington Zodiacal 
. Greenwich astrographic zones. Catalogue, 1940. 

. Yale zone catalogues. . First Greenwich catalogue for 1950 
. Second Greenwich catalogue for —unpublished. 

1925. . Cin. Pub. No. 20. 

7. Cape photographic catalogues. G. van Herk, Leiden Annals, 18, 


1957: 
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A plus sign in the ‘‘S’’ column indicates that published Cape, Washington 
or Pulkova or unpublished Greenwich positions have been used to improve the 
GC proper motion. 

Notes: The notes at the end of the table contain references mainly to visual 
and spectroscopic binaries. 


Tasie I 


Hyades group members 


W Name Vy B-V U-B Sp ~~ 2 * 
m m m e 

39/40 ADS 48 8-23 +1°44 +1°24 dMo 2ob +0°874 
70 ADS102 6:2 A3 o8b +0'107 
93 HD 691 8-7 dGs +0°205 
120 HR46 5°4 gM4 +0°055 
208 9 Cet 6°40 +0°67 (+1°72) dG2 +0390 
220 HD202z5_ 8-0 dK6 + 0°668 
248 HD2358 66 As +0081 
459 HD4747— 7°11 +0°86 dG7 +0°515 
462/3HR 203/156 gFo +0°084 
473 HD 4741 8-2 dG7 +0°157 
s00 HDs5153 7:17 +0°94 K3V +0615 
565 HR278 6°5 A4 +0°085 
595 HR 289 . A3 +0°088 
624 HR 309 64 A3 , +0°105 
651 78 Psc 6:25 +040 —o'or FsIV ‘Oc +0°200 
680 @Cas 4°32 +017, +to11 A7V : +0'228 
726 HR370 4°94 +0°56 F8V + 0°695 
781 +12°168 9g2 dK3 +0°406 
..» HD8391 = 7:01 +0°30 Fo lV +O0°115 
787 HD8389 = 7°89 +0°91 (+ 2°03) dKo +0°476 
9790 647 And 5°5 Am +0078 
805 8Cas 2°67 +014 +o'10 AsV +0°297 
810 HR4r10 6:2 dFs5 +0°233 
820 HR4is5 6°3 Fs +0°164 
827. w And 4°86 +0°36 F41IV +0°350 
846 HDgo70 82 dGs5 +0°225 
851 HR428 6:2 A2 +0080 

g21 UVCet 12°0 dM6e + 3°27 
934 HR476—s5°5 sg Ag +0'124 
1116 ADS1613 7°8 dGs +0°164 
1117 HD12402 6°5 Kr Ill + 0*060 
1244 20 Ari 5°38 dF3 +0°174 
1412 HR733 6°46 +0°28 dAg +0°086 
1530 HDi68s55 6-7 A2 +0°083 
1533 +18°339 6=- 886 dK4 +0°430 
1553 Cet 4°25 +0731 +0°05 FolIV +0°283 
1617, HD17922 7:0 F8 +0°214 
1627/8 ADS 2218 7: dK2, Mo + 0'266 
1646 +28°503 . dGg +0°193 
1649 47 Ari , dF4 +0°232 
1675 (For . sg Ag +0'178 
1695 ADS2316 7°5 dF7 +0°094 
1741 «Per 3°75 +1'03 Ko III +0182 
1756 SAri 4°33 +1°03 Ka lll +0°1§2 
1763 HRo81 5.7 Fo III +0°076 


+++tttei +i 
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WwW Name Vg B-V U-B_ Sp gi a. 


HD 20600 
HR 1001 
HD 21531 
« Ret 
~48°1011 
HD 22328 
y Hyi 

43 Per 
HD 25153 
ADS 3017 
43 Eri 

HR 1401 
HD 30589 
HR 1554 
HR 1594 
HR 1668 
« Aur 
HD 34987 
3469 «622 Cam 
3482/3 ADS 4239 
36904 HR 2094 
3806 39 Aur 
3889/041 Aur 
4505 HR2556 
4598/9 ADS 5669 
4644/5 ADS5746 
4652 HR 2666 
4656 HR 2672 
4964 HD 53532 
4708 Ross 986 
4812, HD 56578 
5425 18Pup 
5561 HD 71053 
5641 35 Cnc 
HD 74558 
y Cnc 

HR 3546 
HD 76318 
HR 3588 
10 UMa 
ADS 7251 
HD 79765 
HR 3752 
9 Leo 
6241 Ross 85 
6327 HR 3916 
6351/2 ADS 7589 
6545 HR 4062 
6546/7 ADS 7762 
6563 «Ant 
6643 ADS 7871 
6754 HR 4253 
6967 HR 4409 


1835 
1854 
1906 
1945 
1987 
1989 
2201 
2252 
2285 
2376 
2564 
2639 
2834 
2872 
2961 
3063 
3121 
3220 


5751 
5873 
5874 
5912 
5914 
6030 
6047 


6213 


m ™m 
8-o 
6-2 


dGo 
dFs5 


8°37 + 1°34 (+2°36) dMo 


4°69 +0°38 
8°57 +1°30 
76 
3°35 + 1°64 
5°28 +0°41 
77 
8-6 
3°97 + 1°50 
6°0 
79 
59 
63 
5°6 
005 +0°80 
8-7 
69 
8-4 
5°28 +0°31 
59 
59 
6°2 
6°6 
6:0 
5°3 
51 
81 
11°65 + 1°65 
6°8 
5°51 +0°46 
79 
6°58 +0°67 
6°94 +0°25 
473 9°00 
59 
8-2 
5°17 +0°25 


3°96 +0°42 


6°99 + 1°43 
6-9 
5°76 +0°16 
6-6 
10°6 
6°32 +0°55 
76 


5°25 +0°99 


+ 1°96 


o"0°0 


dF2 

Ks V 
dFs5 
M2 Ill 
Fs5 IV 
dF6 
GolV 
gM I 
As 
dGo 

F2 

dF6 
dF3 
G8 III+ F 
dFo 
dF5 
gFs, F7 
FoV 
dA8 
Ao 

G7 
dF8, G8 


* 
+33°5b 
+24°7b 
+31°3b 
+12'0a 
+22:0b 
+34°6b 
+15'5a 
+2674 
+39°5b 
+326b 
+24'1a 
+ gga 
+40°0C 
+38'0c 
+16°7b 
+33°4b 
+30°2a 
+38:0c 
+25'5b 
+41°3b 
+26°3a 
+34:1b 
+35°'0b 
+30°7b 
+19°4b 
+27°0C 
+27:9b 
+25'1b 
+38-9b 
+39°0d 
+36:9b 
+37°7b 
+28-0c 
+36°0c 
+18:0¢ 
+28'7b 
+25'9b 
+26°8b 
+18-0a 
+26'4a 
+10°0a 
+ 30°5 
+12°0¢c 
+31'4b 
+19g°0Cc 
+23°0d 
+28-4a 
+ 3z7°0Cc 
+158a 
+13°3b 
+14°3b 
+15°3b 
+ 4°3a 


+0°097 
+0°190 
+0°518 
+0°378 
+0°394 
+ 0°095 
+0°OS1 
+0°096 
+0°055 
+0°054 
+0°058 
+0°030 
+0081 
+0°048 
+0°073 
+0°064 
+ 0°083 
+0°036 
+0o0°018 
+ 0°044 
—O°Ols 
— 0°034 
+0°024 
—0'025 
—o'o8o0 
—O'ols 
—o'o1g 
—0'058 
—0°'096 
— 0°53 

—0°055 
—0°246 
— 0'088 
—0°040 
— 0°097 
—0o'106 
— 0082 
—0°055 
— 0°095 
—~ 0°437 
—1°5§60 
—o'162 
—0°130 
—0°103 
—0o'76 

— 0°286 
—0°230 
—0'126 
—o'120 
—0°O77 
— 0-096 
—0'085 
—o'116 


aoaat 


+h at 


wm 


ae 





WwW 


7030 
7064 
7136 
7146 
7162 
7202 
7235 


Name 


HR 4453 
HR 4476 
HD 102357 
HR 4531 
HR 4543 
HD 103676 
6Cru 


7272/4 ADS 8434 
7397 
7491 


7553 


HR 4694 
HR 4746 
HD 109200 
Wolf 424 


7616/7 HR 4821/2 


7619 
7625 
7631 
7679 


y Cen 
HR 4827 
HR 4831 
30 Com 


7698/9 ADS 8690 


77099 
7732 
7733 
7759 
7760 
7998 
8032 
8040 
8055 
8121 
8470 
8581 
8637 
8648 


8744 


38 Vir 

a CVnB 
aCVnA 
HR 4926 

+ 13°2618 
HR 5085 
HD 117878 
CVir 

HR 5120 

1 Cen 

HD 121141 
HD 127506 
ADS 9378 
HR 5542 
HR 5553 
HD 132301 
HD 134319 


8748/9 ADS 9507 
8825 ADSosss 81 


Ve B-V 


m m 
5°37 +o°10 
5°44 +1°23 
6:8 
5°9 
6-2 
69 
4'29 +0°27 
7°5 
6°18 +0°29 
6°3 
7°12 +0°82 


12°20 + 1°70 


5°27 +0°42 
2°16 —o'02 
6°03 +0°39 
4°62 +1°13 
5°83 +0°02 
Ya 

61 

5°60 +0°34 
2°89 —o-12 
6"1 

9°85 + 1°47 
5°4 

ra 

3°37 +0°10 
5°4 

4°20 +0°38 
7°18 +0°34 
8-70 + 1°13 
7°30 +0°46 
6°38 +0°56 
6:06 +0°83 
6°57 +0°46 
8-48 +0°63 
6°8 
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U-B 
m 
A2 
gK2 
F6 
dA6 
A3 
Fo 
As 
dF8, G1 
dA8 
Fo 
Ko V 
dM6e 
+o:10 dF1, F6 
coo Aolll 


(+1°59) dF2 


gK3 
A2V 
A2, F2 
dF6 
—0'03 FoV 
—o32 Ap 
dF4 
dMze 
Ao 
A4 
A3 V 
A2 
F2 Ill 
F2V 
dKs 
dF 5 
dGi 
dK 
Fs V 
dGs 
dGs, Gs 
dGo 


+0°05 
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> 
© 


Pe 


goc ~o'0go 
10a —o'o8o0 
756 —0-075 
goc —0O'122 
69b —0'133 
98b —0o'156 
24a —0'146 
58a —o'184 
8-oc —0°'140 
I270c —0°0g2 
o3b —0'537 
soc —1°86 
126a —0°123 
— 50a —O'I90 
— 28b —o'181 
—11'7a ~—0O'132 
+ 14b —0-'098 
—13°§a —0°077 
-— 71b 0260 
— 31b —0°235 
— 33b —0-235 
+ o8b —0o226 
—1i1rec —o'69 
— Joc —o 081 
—17'0C —0'074 
—13;2b —0'286 
— 9'5b —o-092 
—21'8b —0'460 
—160c —0°108 
—12°0c —0'480 
—2r1b —0'079 
—26-9b —0°323 
(—40) d —0°453 
—21'9b —0°194 
—- 43b —o'130 
—34°4a —o'181 
—2g°0C —O'11s 


ti tei teetei+ 


8863 —7°4003 10°56 +161 +1°20 dMs —30°0b —1°32 


8940 BCrB 
8961/2 HR 5756 


g1o0o 
9216 
9273 
9387 
9413 
9420 
10175 
10205 
10927 
11094 
Irii2 
11143 


31 Ser 

t Nor 
HD 144839 
HR 6072 
7 UMi 
€CrB 

& Ser 

w Dra 

A Ser 
HR 7013 
¢ Pav 

5 Scu 


11193/4 «' Lyr 


3°65 +0°27 
61 

5°72 +0°09 
4°64 +0°25 
72 

4°03 +1°10 
5°06 +0°24 
4°54 +1°00 
3°54 +0°26 
4°77 +0°38 
2°77 +1°06 
60 

4°02 +1°14 
4°60 +0°34 
49 


+o12 Fop 
dAs 
A2V 
AsV 
F2 
gKo 
dA8 
Ko III 
Fo IV 
Fs IV 
K2 Ill 
A3 
aK3 
F3 III-IV 
A3 


+ 0°06 


—18'7a —0'183 
—35°0C —0°'075 
—34'2b —0'063 
(—20) d —o120 
—30°0c —0'087 
—29'2a —O'1§5 
— 95b —0-083 
—28-9b ~—0-097 
—428a —0°043 
—14'0a +0°002 
—43°3a —O0°045 
—16:0c +0°013 
—17'0a +0°003 
—45'3b +0°009 
—32°0 a: +0010 


ee ee ee ee ee ee ee 


wwwwewewwo w 





Ww 


Name 


11195/6 e* Lyr 


11228 
11384 
11385 
11388 
11435 
11595 
11853 
12320 


111 Her 
O@SerA 
Ser B 

R Lyr 

HD 176377 
HR 7263 

x Ser 

y Ser 


12374/5 ADS 13256 


12585 
12954 
12957 
13078 
13081 
13140 
13163 
13172 
13192 
13265 
13269 
13496 
13504 


13603 
13639 
13868/9 € Cep 


13936 
14105 
14162 
14212 
14242 
14303 
14306 
14354 
14408 
14417 
14479 
14495 
14594 
14627 
14662 
14688 
14690 
14713 
14772 
14781 
14838 
14900 
15000 


HR 7723 
HD 197039 
HR 7914 
56 Cyg 
ADS 14355 
HR 8010 
HD 199580 
HR 8035 
ADS 14528 
HR 8061 
ADS 14638 
HR 8220 
HD 204734 
HD 205067 
y Cap 

HR 8293 


HR 8435 
34 Peg 

39 Peg 
ADS 16111 
11 Lac 
HD 215578 
HR 8666 
HR 8696 
HR 8748 
HR 8735 
83 Aqr 

HR 8788 
ADS 16642 
96 Aqr 

97 Aqr 

HR 8901 

vu Peg 

13 And 
ADS 16830 
14 Psc 

HR 8977 
20 Pse 
+45°4378 


Ve B-V 
m m 
4°6 

4°30 +015 
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U-B 


4°59 toO"I5 +0°09 
4°99 +0°20 +0°07 


3°5-4'5+1°60 


6°6 

62 

5°10 +0°20 
4°00 +1°52 
7° 

6°5 

6°8 

6°48 

5°2 

6°8 

6°3 

7°9 

5°8 

8-2 


Ms III 
dGo 
dF3 
As 
gMo 
dF 4, F6 
Am 
dF6 
dG2 
AS 

gF2 

sg G6 
dG9g 
gG7 
dG7 


5°66 +0°58 (+1°68) G3 IV 


= 
= 


+0°65 
+0°33 


° 


+0°35 


Ae DWI OuUN 


huOw om NI AO oN 


° 


+ 1°40 


uit Da WO 


w 


+0°29 


1% 


+o'90 (+ 2°00) dK1 


dF2 
dKo 
G2V 
Fop 
A8+A8 
Am 
gKo 
dFs 

Fo 
dF6, F7 
K3 Ill 
gG8 
dA8& 
gG3 
K4 Ill 
F2 

dFo 
dF4 


7°61 +0°66 (+1°74) dG4 
5°55 +0°39 (+1°60) dFo 


5°6 
5°55 +1°06 
4°38 +0°61 
5°7 
6-7 
6-0 
6°3 


+013 


A3 
gK1 
F8 IV 
Ao 
Go 
A2 

Fs 


5°49 +0°94 (+2-01) gG8 


9°5 


dMo 


p Q 


—27'0Cc 
—44°6b 
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Notes to Taste I 

39/40 Am=o0"-90 

70 Am=o0™-18 

120 ADS 180, 12™ 3” 

462/3 ADS 683, Am=o0™-o 

500 Sp. B, with no orbit 

595 ADS 862, Am= 1™-5. Bright star is Sp. B, no orbit. 

624 Sp. B, no orbit 

787 11™ K6 40’, binary 

790 Doubie lined Sp. B, no period 

827 ADS 1152, 12™ 2” binary 

851 Sp. B, no orbit 

g21 Flare star. Visual binary with Am=o™-s5. 

1116 AB, 0”:2 with Am=o™-2, AB-C,0*-7 with Am=3™. See Section 4. 

1627/8 Am = 2™-24, 

1695 Am = 1™-9 

1763 875”. Sp. B, no orbit 

2252 Sp. B. P= 30%, double lines 

2376 Am= 1-9, binary 

2639 ADS 3267, 13™ 40” binary 

3121 ADS 3841, see Section 4. Has cpm with the H component, which is itself 
binary 

3482/3 Am=o"™-4, binary 

3889/0 ADS 4773, Am=o"™-83 binary 

4598/9 Am= 1™-08, binary 

4644/5 Am=o"™-1, binary 

4652 Sp. B. with double lines, no period 

4708 Sp. B. with range of 110 km/sec, no period 

4812 Optical companion to HR 6724 

5912 11™ 24”, binary. Spectral type by Evans, Menzies and Stoy (1957); from the 
luminosity and colour we might expect the spectrum to be similar to that of 
B CrB, Fop. 

5914 Am = 2™-07, see Section 4. 

6030 Am=o0™-o, binary 

HR 3752 10™ 8” binary 

6351/2 Am =o"™-78 binary 

6546/7 Am=o0™-5 binary 

6643 Am=2' :o, see Section 4. 

6947 19™ 11” binary 

7030 Am =o"™-o9 binary 

7162 ADS 8320, Am=4™ binary 

7146 ADS 8311, Am=5™ binary 

7235 Sp. B. with double lines, P= 24% 

7272/4 Am =o™-81 binary 

7553 Am = o0™-2 binary 

7616/7 ADS 8627, Am=o™-03 binary. A is Sp. B with P~444 and B is double 
lined Sp. B. with P~ 14-5 

7619 Am=o0™-o4, see Section 4. 

7698/9 Am=o™-51 binary 

7732/3 ADS 8706 

8055 ADS 8966, Am = o™-g5 binary 

8121 Sp. B., P= 104 

8581 Am=o0™-14, see Section 4 

8648 Sp. B., no period 

8748/9 Am =o™-20 binary 

8825 Am = 2™ binary 

8940 Sp. B., P= 10 years 

8961/2 ADS 9681, Am=2™-5 binary. A is Sp. B. with double lines, no period. B is 
Sp. B. with a range of 85 km/sec, no period 
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Notes To Tasie I—continued 

9216 Am=o™-o0, also 8”-5 physical companion 11”, see Section 4 
10175 Sp. B., P= 24 
10205 Sp. B., P= 54 
11143 Prototype variable 
11193/6 ADS 11635, a quadruple system. Am(AB) = 1™-10, Am(CD) =0™-24 
11384/5 ADS 11853, binary 
11388 Irregular variable 
12374/5 Am=o™-s50 binary. Ais Sp. B. 
12585 ADS 13543, Am = 3™ binary 
13081 Am = 3™ binary 
13140 ADS 14430, Am= 1™-39 binary 
13192 Am = 3™ binary 
13269 Am=3™ binary 
13639 Sp. B., P=64 
13868/9 ADS 15600, Am = 2™-03 binary 
14105 ADS 15935, Am=5"™ binary 
14212 Am(AB-D) = o™-96, Am(AB)=0™-o. AB is Sp. B., no period 
14303 Forms ADS 16254 with optical companion 
14317 ADS 16317, Am= 1™-20 binary 
14479 ADS 16497, see Section 4 
14495 Sp. B., no period 
14594 Am = o0™-29 binary 
14627 ADS 16676, Am=4™ binary. 
14662 ADS 16708, see Section 4 
14713 Sp. B. with range of 70 km/sec, no period 
14772 12™ 13” binary 


A is Sp. B. with range of 77 km/sec, no period 


| | The group parallaxes and the resulting luminosities and space motion vectors 
are listed in Table II. 

2. The (M,, B—V)-diagram.—Unfortunately, accurate colours and magni- 
tudes are available for less than 50 per cent of the approximately 200 stars and 
binary systems listed in Table I. ‘The available colours and luminosities are 
plotted in Fig. 1 which also includes the standard Hyades main sequence 
(Sandage and Eggen 1959) and the individual Hyades (crosses) and Praesepe 
(plus signs) cluster members with M, < +2™. 

The following are the most noteworthy features of Fig. 1. 

(1) Evolution has apparently reached group members with M,z +2™°5. 
The three stars above the main sequence at My, = +2™-5 and B—V x +0™-38 
are known binaries. Also, the few stars falling slightly above the main lower 
sequence are mostly known or suspected spectroscopic binaries or have faint 
visual companions. 

(2) At the present time stars in the interval M,=+0™-5 to +1™-5 are 
evolving across the Hertzsprung gap (B— V=0™-35 to +0™-g5) to the region 
of the late G-type giants. Two stars are apparently in the process of crossing 
the gap; a member of the Praesepe cluster and v Peg (Wilson No. 14690). 

(3) The prototype variable 6 Scu (Eggen 1956a) is probably a member 
of the group but, unfortunately, it is very near the apparent convergent point 
of the group motion, and the velocity is almost entirely in the radial direction. 
The proper motion is therefore very small (0"-oog/yr) and the group parallax 
is nearly indeterminate. An uncertainty of about o™-75 in the luminosity of 
8 Scu, obtained from a consideration of both the group parallax and the 
relatively well determined trigonometric parallax (0-020 Allegheny, 0”-o19 
McCormick and 0”-020 Yale) is indicated in the figure. The position of 8 Scu 
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Fic. 1.—(My, B—V)-diagram for the stars in Table I with known values of (B—V). 
The standard Hyades main sequence is also shown as well as known members of the Hyades 
(crosses) and Praesepe (plus signs) clusters with luminosities brighter than +2™. The estimated 
uncertainty of the luminosity of 8 Scu, because of its position near the apparent convergent point 
of the group motion, is shown by the open bar. 


at the blue edge of the Hertzsprung gap confirms a previous conclusion (Eggen 
1957) that this type of variable may be the older type I counterpart of the 
RR Lyrae stars in the disk and halo populations. The 6 Scu variables are 
sometimes associated in a sequence with another group of ultra-short period 
intrinsic variables, typified by CY Aqr, AI Vel and SX Phe (Smith 1955) 
but these objects are undoubtedly members of the disk population (Eggen 
1960a, Paper V) and are related to the 5 Scu variables only in that they fall 
in the same region of instability in the (M,, B— V)-diagram. 

(4) The semi-regular variable R Lyr, period ~ 464, is among the reddest 
and intrinsically brightest group members. Several of the other M-type giant 
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members have also been found to show small and erratic variations in magnitude. 
The actual path traced in the (47,, B—V)-diagram during the light variation 
of R Lyr is unknown because the variation in B—V has not been determined. 

(5) Nearly every well observed cluster has been found to have a few stars . 
on or near the main sequence well above the break-off point. The two out- 
standing examples of this kind in the Hyades group (brighter than M, =o™) 
are the equal components of y Cen (AoIII) and the peculiar A-type spectrum 
variable x CVn. The existence of stars in this part of the (M,, B— V)-diagram 
is unexplained by the evolutionary theory unless the stars are (a) ‘“‘late- 
evolvers’’ because of some anomaly in constitution or structure, (6) in an 
advanced stage of evolution and are returning to the main sequence from the 
M-type giants or (c) representative of a second generation of group members 
created long after the main body of stars. 
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Fic. 2.-A comparison between the trigonometric and group parallaxes for about 75 per cent 
of the available material. Values of the absolute trigonometric parallax from various observatories 
are indicated as follows: Allegheny (filled circles), Yale (crosses), McCormick (open circles), 
Cape (plus signs), and Greenwich (open squares). Trigonometric values pertaining to the same 
star are connected by a line. The diagonal line in the figure represents a one-to-one correlation 
between the two types of parallax. 


(6) No significance can be placed on the obvious gaps in the lower main 
sequence until colour observations are available for more of the group members 
in Table I. 

Trigonometric parallaxes, mainly from the Cape, Yale, McCormick, 
Allegheny and Greenwich Observatories, are available for many of the stars 
listed in Table I. A comparison between the individual trigonometric values, 
7, and the group parallaxes, 7,, is shown in Fig. 2. The trigonometric values 
pertaining to the same star are connected by straight lines and the origin of the 
individual values are as follows: Yale (crosses), Cape (plus signs), McCormick 
(open circles), Allegheny (filled circles) and Greenwich (open squares). There 
is no obvious systematic error in the run of trigonometric parallaxes; the high 
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weight usually assigned to the Allegheny determinations seems to be justified. 
To avoid crowding, only a representative 75 per cent of the available material 
is shown in Fig. 2. 

3. Space distribution of Hyades group members.—The spatial distribution of 
the Hyades group members in Table I is shown in Figs. 3 and 4 where the Sun 
is at the origin, (X, Y)=(0,0). Fig. 3 contains the objects that are within 
20 parsecs of the galactic plane (open circles), between 20 and 30 parsecs from 
the plane (filled circles) and between 30 and 40 parsecs (crosses). The 
approximate boundary of the Hyades cluster, which is within 20 parsecs of the 
galactic plane, is shown as a large open circle. Fig. 4 includes the stars more 
than 40 parsecs above (filled circles) or below (open circles) the galactic plane. 


The Praesepe cluster, which lies 80 parsecs above the plane, is shown in Fig. 4 
as a large filled circle. 
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Fic. 3.—The space distribution of the stars in Table I within 20 parsecs of the galactic plane 
(open circles), between 20 and 30 parsecs of the plane (filled circles) and between 30 and 40 parsecs 
of the plane (crosses). The approximate boundary of the known Hyades cluster is indicated by a 
large open circle; the Hyades cluster is within 20 parsecs of the plane. 

Fig. 3 indicates that (a) the group is roughly elongated in the direction of 
galactic rotation and (b) the majority of the group members precede the Sun 
in the direction of galactic rotation. However, selection effects probably seriously 
affect the spatial distributions shown in Figs. 3 and 4. This is particularly true 
of the apparent scarcity of members seen from the Sun in the direction opposite 
to that of galactic rotation, since this represents a region in the southern 
hemisphere between «= 8"®—12", An evaluation of the effect of observational 
selection on the extent of the group as shown in Figs. 3 and 4 is more difficult. 
For example, stars nearly go° or 270° from the apparent convergent point of the 
group motion are more likely to be included in Table I because the total group 
motion will then be reflected in the proper motion and, therefore, there is a 
higher probability that they have been included on observational programmes. 

The effects of selection can be largely removed if we regard only those stars 
in Table | that are brighter than visual magnitude 5™-5, since all stars brighter 
than this limit have been included on both radial velocity and proper motion 
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Fic. 4.—The space distribution of the stars in Table I that are more than 40 parsecs above 
(filled circles) or below (open circles) the galactic plane. The Praesepe cluster, which is 80 parsecs 
above the plane, is shown as a large filled circle. 


programmes. The spatial distribution of these stars is shown in Fig. 5 where 
those within 25 parsecs of the galactic plane are indicated by open circles, those 
between 25 and 50 parsecs of the plane by filled circles and the remaining stars 
by crosses. It is obvious from Fig. 5 that the concentration of stars preceding 
the Sun in the direction of galactic rotation, shown in Fig. 3, is the result of 
observational selection and that many group members remain to be found in 
the southern hemisphere. However, the elongation of the group in the 
direction of galactic rotation appears to be real. The arrow shown in Fig. 5 
indicates the direction of the solar motion with respect to the group; the length 
of the arrow represents the displacement relative to the Sun of the group members 
in 5x10° years. ‘The distribution of group members above and below the 
galactic plane (including the Sun) can be seen in Fig. 6 (discussed below). 

The correlation between the distance from the galactic plane, |Z], and the 
space motion vector perpendicular to that plane, |W], of the group members in 
Table I is shown in Fig. 6; stars now above the plane are indicated by filled 
circles, those below by open circles. The distribution of the values of W is 
shown in Fig. 7 where the continuous curve represents the computed error 
curve that gives the best fit to the normal points (filled circles); the median 
value of W is — 4-5 km/sec. 

The full significance of Figs. 6 and 7 can be discussed only when an accurate 
estimate of the extent of the Hyades group becomes available. However, if the 
motion perpendicular to the plane, W, is more or less independent of the 
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—The space distribution of the stars in Table I brighter than visual magnitude 5 
Stars within 25 parsecs of the galactic plane are shown as open circles, those between 25 and 


5- 


50 parsecs from the plane as filled circles, and those more than 50 parsecs from the plane as crosses. 


The arrow indicates the direction of the solar motion with respect to the group; the length of the 
arrow represents the amount of this motion in 5 X 10° years 
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Fic. 6.—The correlation between the space motion perpendicular to the galactic plane, |W, 
and the distance from that plane, [Z1, for the stars in Table I. Filled circles refer to stars now 
above the plane, open circles to those below. 
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U- and V-vectors of the space motions of the group members, the distribution of 
|W] with |Z] shown in Fig. 6 is that to be expected. Stars with small values of Z 
either never leave the vicinity of the plane, in which case they have low values 
of W or they are now falling through the plane from various distances from it 
and therefore show values of W directly related to the maximum distance they 
have travelled to the plane. The relationship between the distance from 
the plane and the W velocity is, of course, dependent upon the component of the 
galactic force field at right angles to the plane (Oort 1932, Woolley 1957). The 
extension of the Hyades group perpendicular to the plane and the observed 
values of W indicate that the component of force in the Z-direction is greater 
than that found by Oort and closer to the determination made by Woolley, but 
a more quantitative result will be better made when a larger number of stellar 
groups are available for analysis. 
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Fic. 7.—The computed error curve giving the best fit to the observed distribution of the 
W-vectors which are represented by normal points (filled circles). The median value of W is 
—4°5 km/sec. 

Woolley (1959) has shown that deviation of 1 to 2 km/sec/100 pcs may result 
from the small differences in the eccentricities of the galactic orbits that are 
necessary to keep together isoperiodic groups of widely separated stars. 
However, as discussed in Section 1, the procedure used here of computing the 
group parallax from the proper motions may mask this effect. Also, the more 
distant group members are apparently faint and the observational data, 
particularly the proper motions, are therefore usually of low weight. When 
colours of more of the lower main sequence group members are available, the 
“‘rocking’’ (or ‘‘ rolling ’’) effect predicted by the distance—eccentricity relation 
can perhaps best be looked for in space motions computed with the aid of 
photometric parallaxes. 

4. Visual binaries.—The incidence of binary stars in Table I is very high. 
50 per cent of the listed stars have at least one companion and there are many 
multiple systems. In fact, it was the attempt to explain the existence of these 
multiple systems, some of which are almost small clusters, that led to the present 
series of investigations of stellar groups (Eggen 1950). 

It has been known for some time that the visual binaries in the Hyades cluster 
show a mass-luminosity relation that deviates from that found for field stars 
(Kuiper 1937). Periods and semi-major axes, a, for six visual binaries in the 
cluster are now available and are listed in the first section of Table III. An 
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TaB_e III 
Hyades group visual binaries with known orbits 
ADS Ve B-V My Ms Mass FP (yrs) 
m _ m ™ 
3135 A 7°23 +052 +4°22 +4°17 0740 goo 
B 8-27 +0°69 +5:26 +5°19 0°54 
3169 . 7°30 +0°52 +4°29 +423 080 86487 
8°49 +0°73 +5°48 +5°41 0°56 
3210 8-28 +068 + 5°35 + 5°28 0°42 0°23 
3248 734 #$.+1*¢053 +425 +420 ~~ 1°70 0°425 
3475 AF 7°51 +054 +438 +433 1°04 O°195 
3483 A 649 0 6=6+0°47) «0 +3°58 = + 3°52 OBS 0°755 
B 8:10 +073 +5°49 +5°42 055 


102 AB 6°9 one +2°1 +2°0 3°1 3 0°88 o'18 
1613 AB 8-5 nai +50 + 4°95 085 : O13 orl 
10UMa A 4:10 +0°39 + 3°33 + 3°28 0'90 : 0°63 2°07 
B 617 +o°71 + 5°40 + 5°33 0°58 
7871 AB 8-6 ive +3°0 + 2°95 Its § O52 o's 
« Nor AB 5°39 +0°23 + 1°67 + 1°45 6:2 26: 0°37 o'o 
9378 AB 8°05 +0°46 + 3°15 +3°ro 1°9 37° 0°325 O°14 
16497 AB 6°30 +0°29 + 1°95 + 1°83 3°4 0°20 0°03 
10708 AB 5°6 on +1°4 +1°1 5°4 ’ 0°42 o"o 


g341 A 0°70 ees —O'l4 —0O'5 3'0 28 0°0536 0°25 
B 0°95 ies +O'1l one) 2°9 
yCen AB~ 2°91 —0°02 —o'58 —1°6 6°3 84°5 0-895 20 0°04 


additional binary, » Ori (ADS 4617), which is sometimes assigned to the cluster, 
is omitted here because it is very near the convergent point of the apparent 
cluster motion and the group parallax is therefore nearly indeterminate. The 
orbital elements of the binaries discussed here have been taken from the extensive 
double star literature, except those for ADS 3210, which are unpublished values 
by D. Jones, and ADS 3475, for which I have derived new elements. The 
values of a in every case are adjusted to the ‘‘ standard observers’’ in a manner 
previously described (Eggen 1956b); the available values of the magnitude 
differences between the components have also been discussed in the same 
reference and were used to derive the individual magnitudes and colours of the 
components of ADS 3135, 3169 and 3483. 

Unfortunately, astrometric determinations of the mass ratios of the components 
of the binaries in the cluster have not been made. For the three pairs with 
observed values of Am less than o™-5 I have discussed the mean component. 
For the remaining stars the mass ratio was obtained from the assumption that 
the stars obey the mass—luminosity relation (Eggen 1956b); the small error 
that might be introduced by this assumption has negligible effect on the results 
derived here. The bolometric magnitudes, M,, in Table III were obtained from 
the values of M, by applying the bolometric corrections previously derived 
(Eggen 1956b). 

The second section of Table III contains an additional eight binaries that 
are listed in Table I as non-cluster members of the group and are known, from the 
group parallax, to consist of main sequence, or near main sequence, components. 
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In all but one case the components of each pair are so nearly equal that the mean 
component will be discussed here; the exception is 1o UMa, for which the 
individual magnitudes and colours have been derived, using the known difference 
in visual magnitude, from the observed magnitude and colour of the combined 
light. 

The values of M, and of the logarithms of the masses of the stars in the first 
two sections of Table III are plotted in Fig. 8; the filled and open circles 
represent, respectively, the primary and secondary components, and the 
half-filled circles indicate those pairs for which the mean components are 
described in the table. The continuous line in Fig. 8 represents the 
mass-luminosity relation, M, = + 4™-79 —7°8 log (mass) (Eggen 1956b), which 
will here be called the normal relation. In addition to the pairs in Table III 
the components of the intrinsically faint binary, Wilson No. 921, of which one 
component is the flare star UV Cet, are also shown in Fig. 8. The orbital 
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Fic. 8.—The “ normal’ mass-luminosity relation is represented by the straight line. The 
primary components of main sequence Hyades group binaries are shown as filled circles and the 
secondary components as open circles; half-filled circles represent those systems in which the mean 
component has been discussed in the text. The crosses represent two giant systems in the group. 

elements, mass and bolometric corrections are those recently derived by 
van de Kamp (1959) and received after the preparation of Table II[. The 
weakest datum for UV Cet is the bolometric correction, but since this must 
certainly be greater than 1™, and a correction of o™ would be required to place 
the components on the normal mass-luminosity relation, the deviation of UV Cet 
from this relation is certain. 

It is apparent from Fig. 8 that the deviation for the normal mass—luminosity 
relation, suspected for the cluster members, is confirmed by the non-cluster 
group members. Furthermore, this deviation is not merely a matter of a 
systematic error in the computed group parallaxes since the two relations seem 
to intersect, within the rather large scatter, near M,~ +4™5. This deviation 
and the unexpectedly large scatter in the individual mass determinations near 
M,~ +5™ are unexplained and will be more fully discussed, in connection with 
the mass—luminosity relations for other moving groups, in a later paper. 
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In addition to the main sequence binaries discussed above there are two 
giant binaries in the Hyades group, y Cen and a Aur (ADS 3841). ‘These 
systems are described in the third section of Table III and the mean components 
are plotted in Fig. 8 as crosses. 

From the interferometric and radial velocity observations of « Aur, Wright 
(1954) found a parallax, 0-068, which is identical to that found from the group 
motion; the well determined mean trigonometric value is 0"-072. There is a 
difference of opinion on the nature of this system; Struve and Kung (1953) 
consider it to consist of an F-type and a G-type giant, both of which may be 
peculiar, while Wright regards the components as normal luminosity class IIT 
stars of types Go and Gs. The available spectroscopic and photometric data are 
discussed by Franklin (1959). A visual magnitude difference of o™-25 has been 
adopted in ‘Table II] with the later type component being also the brighter; the 
masses are those determined by Wright from the interferometric and spectroscopic 
orbits. The luminosity of the bright component, M, = —o™-1, would fit in with 
the run of the other late-type giants in Fig. 1 only if the spectral type was near 
K3 (B—V=+1-2). However, the fainter component would then be an A-type 
star to make the combined colour match the observed value of +0™-80. The 
observed, nearly equal masses are consistent with stars that have evolved from 
the main sequence near M,=+2™ which is reasonable for the late-type 
component, if we accept the giant sequence in Fig. 1 as representing an 
evolutionary track, but which is inconsistent with the luminosity of the 
early-type component unless it is ‘‘returning’’ to the region of the main 
sequence after completing the red giant stage in its evolution. We might adopt 
the types Go III and G8 III without violating the spectroscopic and photometric 
observations but the early- and late-type components would then both lie well 
above the run of the other stars in Fig. 1 with similar colour. Also, by analogy 
with Z Her described below, the possibility of anomalous evolution of one or 
both components cannot be forgotten. In conclusion it is only possible to say 
that the explanation of this important system is still not satisfactory and if it is 
a member of the Hyades group, which seems quite likely, Struve and Kung’s 
conclusion that the components may be peculiar is confirmed by the present 
results. 

Unless we can invoke the possibility that the components are ‘‘ returning ”’ 
to the region of the main sequence, the system of y Cen is nearly as inexplicable 
as that of a Aur. The equal components are classified as Aolll and although 
the masses fall on the normal mass-luminosity relation they correspond to main 
sequence stars with M, near +1™ in the Hyades group. It is interesting that 
the two highly evolved systems in the Hyades group appear, within reasonable 
limits, to follow the normal mass—luminosity relation, whereas the systems 
consisting of components on or near the main sequence generally deviate from 
that relation. 

5. The eclipsing binaries TX Cnc and ZHer.—The W Ursae Majoris-type 
variable TX Cnc is known to be a member of the Praesepe cluster. The group 
parallax and the total light place the system o™-5 above the main sequence at 
B-—V=+0"™-63. Therefore the system can be resolved into stars with 
the following luminosities and colours: (A) M,= +4™-6, B—V= +0™-60; 
(B) M,z=+5™2, B—V=+0™70. Popper (1948) finds individual masses 
of 1°5© and o'8© but both the mass ratio and the individual masses derived 
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from spectroscopic observations of the components of contact systems may be 
suspect. However, the masses and bolometric luminosities given above place 
both stars near the intersection of the normal and Hyades group mass—luminosity 
relations and well within the scatter of the individual visual binaries of the Hyades 
group; the mass and luminosity of the mean component deviates very little from 
the normal relation. 

The eclipsing system Z Her has a period of almost exactly 4 days. Popper 
(1956), from two-colour photometry and coudé spectroscopic observations, has 
derived the following description of the system : 


Ve (B-V) Mass (© =1) R{(O=1) Sp. 

A oe, oa 1°22 +0°06 1r6+0'1 F4 

B 8-59 og! 1°10 + 0°04 26+0°2 Ko 
The systemic radial velocity is y= —46-0km/sec and the well-determined 
proper motion is u,= —0":022, u4,= +0"-060. The group parallax, derived 
from the proper motion, is 0”-018, which leads to (U, V, W)= (+44, — 18, +1). 


My 
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Fic. 9.—The position of the A- and B-components of Z Her in the (My, B—V)-diagram 
derived from parallaxes of 0-018 (filled circles) and 0-010 (open circles). 


The resulting luminosities of the two components are shown as filled circles in 
Fig. 9. ‘The F-type component is a normal main sequence star—Roman (1956) 
has classified the system as F4 V at maximum light—but the late-type companion 
falls about 1™-5 above the main sequence. Since subgiants in this part of the 
(M,, B— V)-diagram would be expected only after > 2 x 10" years (Hoyle 1959, 
Eggen 1960a, Paper V) the companion to Z Her may have undergone a forced 
evolution of the type described by Huang and Struve (1957). The mass of the 
bright component places that star slightly below the normal mass—luminosity 
relation in Fig. 8 and agrees well with the run of the Hyades group main sequence 
stars. The mass of the fainter component is also approximately that which 
might be expected for a Hyades group member with its derived luminosity, 
indicating that the star may have evolved from the main sequence with very 
little change in luminosity but with a large increase in radius. From the effective 
temperatures of the components, derived from the spectral types, and by 
applying a surface-brightness criterion, Popper derived a parallax of 0”-o10 for the 
system. The resulting positions of the stars in the (M,, B— V)-diagram are shown 
in Fig. g as open circles. The resulting values of (U,V, W)=(+ 49, —15, +8) 
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are not consistent with the motion of the Hyades group unless the observed 
systemic radial velocity is too large by some 6-8 km/sec; the observed value 
is based on two nearly identical determinations from independent investigations 
separated by about 35 years. Since it seems unlikely that the group parallax 
would accidentally place the primary component on the main sequence, member- 
ship in the group seems well established and the luminosities indicated by filled 
circles in Fig. g are probably nearly correct even though the system is fairly near 
the convergent point of the apparent group motion. Popper also found that the 
H and K emission lines of the secondary component gave the same systemic 
velocity as the absorption lines, which gives weight to a previous conclusion 
(Eggen 1955) that part of the evidence for intra-system calcium clouds in some 
eclipsing systems is inconclusive. 

There are several additional eclipsing binaries, including 'T’T Hya, TX Leo 
and RS CVn, which may also be members of the Hyades group but the available 


data are not as complete as those for TX Cnc and Z Her. Both RS CVn and 
TT Hya may be similar to Z Her. 


Royal Greenwich Observatory, 
Herstmonceux Castle: 


1959 November 5. 
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STELLAR GROUPS, VIII. 
THE STRUCTURE OF THE SIRIUS GROUP 
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(Received 1959 December 7) 


Summary 


One hundred stars with (U, V)-loci that pass within 4 km/sec of 
(U, V)=(—14°2, —0°4) are assigned to the Sirius group. The most note- 
worthy features of the resulting (My, B—V)-diagram are (a) the main 
sequence of the Sirius group is displaced from that of the Hyades group, 
AMy (Sirius-Hyades)=+0™-2, and the main sequence stars with 
+o0-3<B-—V< +06 show an ultra-violet excess of 6(U—B)= +0™-04 
with respect to the Hyades stars, (6) the small amplitude, short period light 
and velocity variable, 6 Del, is a group member with luminosity and colour 
similar to those found for the prototype variable 6 Scu in the Hyades group, 
(c) the presence of bluer main sequence stars and brighter G-type giants in 
the Sirius group indicates that this group is younger than the Hyades group, 
and (d) there are probably very many undiscovered group members near the 
Sun. The spatial distribution of the group members gives some indication 
of elongation in the direction of galactic rotation but because of the smallness 
of the motion and the resulting incompleteness of the group membership, no 
definite conclusion can be drawn. ‘The mass-luminosity relation for the 
visual binaries in the group with My> +3™ deviates from the normal 
relation in the same way as the Hyades group binaries in this luminosity 
range; the Sun is one magnitude fainter than Hyades and Sirius group 
members of the same mass. ‘The binaries with components brighter than 
My=+3™, including the eclipsing binaries 8 Aur and «a CrB, indicate that 
there may not be a unique mass-luminosity relation for group stars of this 
luminosity. 





1. Members of the Sirius group.—The first paper of this series (Eggen 1958, 
Paper 1) contained a list of 70 stars selected, by the convergent point method, 
as members of the Sirius group. Many of these stars have in the past been 
assigned to the ‘‘ Ursa Major stream’’ which appears to share the motion of 
6 bright, and 6 fainter, stars in the region of Ursa Major—the so-called ‘‘ Ursa 
Major nucleus cluster’’. Since the Hyades cluster is used to define the motion 
of the Hyades group (Eggen 1960b, Paper VII), by analogy it might appear 
reasonable to define the motion of the extended Ursa Major stream by that of 
the nucleus cluster. However, the position and direction of motion of the nucleus 
cluster stars cause difficulties in fixing the apparent convergent point of their 
motion (cf. Petrie and Moyls 1953) and, therefore, the well-determined proper 
motion, radial velocity and parallax of Sirius, which is known to be a member 
of the group, were used to define the group motion. 

In the previous paper (Paper VII) it was found that the W-motions 
(perpendicular to the galactic plane) of the Hyades group stars may be uncoupled 
from the U- (away from the galactic centre) and V- (in the direction of galactic 
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rotation) motions. Therefore the convergent point method of selecting group 
members discriminates against members whose W-motion differs from that of 
the Hyades cluster, which defines the group motion. Also, because in the 
convergent point method the group parallax of each member is computed from 
the ize of the proper motion, that parallax will be in error if any of the W-motion 
is reflected in the observed proper motion and if the W-motion deviates from 
that of the Hyades stars. The motion criteria for membership in the Hyades 
group was therefore based on the U- and V-motions alone; those stars for which 
a (U, V)-match with the Hyades cluster stars, (U, V) = (+ 48, — 18), was possible 
within +3 km/sec in both coordinates were selected as possible members. The 
median W-motion of the Hyades group members, ~ — 4 km/sec, is only a small 
fraction of the total space motion, 45 km/sec, of the group. On the other hand, 
the median W-motion of the Sirius group contains a large percentage of the 
total motion and so a somewhat different procedure than that described for the 
Hyades group has been used here in selecting possible members. 
The space motion vectors of Sirius, relative to the Sun, are as follows: 


U = — 14:2 km/sec; 
V=— o-4 km/sec; 
W = —11°8 km/sec; 


vall vector motions discussed here have been computed to the nearest o-1 km/sec 

but are rounded-off to units of 1 km/sec in Table II. The small total space 
motion of Sirius and group members compared to that of the Hyades group 
makes the likelihood of including spurious members comparatively greater. 
This disadvantage is only partly compensated by the fact that the Sirius group 
motion relative to the Sun is diametrical to that of the bulk of the older 
population I stars (Eggen 1960a, Paper V1) and lies in the (U, V)-plane near 
the circumference of the limiting ellipse for that population. 

Fig. 1 shows a section of the (U, V)-plane containing Sirius (filled circle). 
Space motion vectors have been computed, assuming 3 values of the parallax, 
for (a) the stars in Roman’s (1949) combined list of all stars assigned at various 
times to the Ursa Major stream, and (6) approximately 500 additional stars 
selected from the General Catalogue of Radial Velocities (Wilson 1953). ‘The 
resulting (U, V)-loci of three probable members of the Sirius group are illustrated 
in Fig. 1 where the points corresponding to various values of the parallax are also 
indicated. Those stars whose (U,V)-loci pass within 4 km/sec of the point 
representing Sirius are considered as possible members of the group and the 
group parallax is taken to be that value which corresponds to the shortest distance 
between (U, V)=(— 14:2, —0-4) and the (U,V)-locus of the star. This pro- 
cedure has the advantages that (a) the resulting group parallax depends upon 
both the observed radial velocity and the proper motion, and (5) no restriction 
is placed on the value of W. The dependence of the computed parallax of a 
group member on the accuracy of the (U, V)-values for Sirius is also apparent 
in Fig. 1. For example, combined errors in the proper motion, radial velocity 
and parallax of Sirius that might produce an error of 1 km/sec in U would have 
relatively little effect on the computed parallax of 8 Aur but would cause an error 
of 15 per cent in that of 5 Del. 


The 100 possible members of the Sirius group chosen in this way are listed 
in Table I with the following information : 
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W: Number in Wilson’s (1953) radial velocity catalogue. 

Name: Alternative identification. 

V,, B—V, U—B: Magnitudes and colours mainly by Johnson and Knuckles 
(1957), Stoy (1953), Naur (1955), and Eggen (1955, and unpublished). No 
colours are available for a few of the stars; the values of (U—B), determined 
with the Cape refractor are given in parentheses. 

Sp: Spectral types on the MK system are mainly by Roman (1949), Slettebak 
(1954, 1955) or de Vaucouleurs (1957); the remaining are mainly from the radial 
velocity catalogue (Wilson 1953). 

Hz» 4g, S: The proper motion and its source. The references consulted in 
forming the mean values are as follows: 

GC. 

N30. 

FK3 and supplements. 

Second Greenwich Catalogue for 1925. 

G. van Herk, Leiden Annals, 18, 1957. 

J. Robertson, Washington Zodiacal Catalogue, 1940. 
Yale Zone Catalogues. 

Notes: The notes pertain mainly to known companions. 
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The group parallaxes are listed in Table II together with the resulting luminosities 
and space motions. 
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The U—B was determined with the Cape refractor and shows an excess of }U— B)c= +0™-o2 
(Eggen 1959a). 
1106 ADS 1598, see Section 4. 
ADS 1709, see Section 4. 
ADS 1971, 9™ 8”. 
The discordant velocity determination from Yerkes Observatory has been omitted. 
ADS 4334- 
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*Notes to TaBLe I—continued 


Spectroscopic and eclipsing binary, luminosity corrected for equal components before plotting 
in Fig. 1; see Section 5. 

Sp. B., P=8704. 

Spectroscopic and eclipsing binary; see Section 5. 

ADS 5423; see tion 4. 

ADS 7115, 11™@ 11”. 

Sp. . wo double lines; luminosity corrected for equal components before plotting in Fig. 1. 

Sp. B., P=16°. 

ADS 7402, 9™ 23”. 

ADS 7674, 4m=o™-5. There are few observations of this pair, which was discovered in 
1905 (9 =290°, separation =0”-22) and was too close in 1949-51 for van Biesbroeck to separ- 
ate with the 82-inch reflector. 

Visual binary, 7™ 2”. 

ADS 8612, 12™ 2”. 

ADS 8739, see Section 4. 

&(U— B)c= +0™-o2 (Eggen 19598). 

ADS 8891, 4m=1™-66; the bright component is also an interferometric double; see Section 4. 

ADS 9713; the fainter component is Sp. B, no period. 

ADS 9343, dm=o"™-o2, luminosity corrected for equal components before plotting in Fig. 1; 
see Section 4. 

ADS 9357, 4m 15. 

ADS 9617, dm=o™-26; luminosity corrected for equal components before plotting in Fig. 1; 
see Section 4. 

Spectroscopic and eclipsing binary; see Section 5. 

ADS 9778; CD is ADS 9766. 

ADS 9990, 3 companions all fainter than 10™, 

Sp. B., P=139. 

ADS 10227, 10 1°-5; the companion is itself double, see Section 4. 

ADS 10259, 10o™ 18”, 

Sp. B., P=104, 

Sp. B., P=? 

ADS 11667, 4m (AB)=1™-s59, C is 11™ 27”, 

Although shown as filled circle in Fig. 1 (metallic-line), this star is actually a “‘ peculiar ’’ star 
with the latest known A-type. 

ADS 13887, 10™ 2”. 

8 Scuti-type variable (Eggen 1956) 

Sp. B. with range of 43 km/sec, no period. 

ADS 15578, Im 2™, separation of 0”:5, little observed. 

Sp. B., P=84, 

Visual binary, 8™ 4”. 
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Parallaxes, luminosities and space motions of stars in Table I 
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Fic. 1.—A section of the (U, V)-plane containing Sirius (filled circle) at (U, V)=(— 14-2, 
04). Points corresponding to various values of the parallax for three probable members of the 
group, B Aur, 8 Del and « UMa, are indicated on the (U, V)-loci of these stars. The parallax 
corresponding to the shortest distance between (U, V)=(— 14:2, —0°4) and the (U, V)-locus, 
indicated by the dashed line, is taken to be the group parallax. 


This list of members is not only very incomplete, even for the stars with 
known proper motion and radial velocity, but also it undoubtedly contains 
several spurious members. All stars brighter than visual magnitude 5-5 have 
been included on radial velocity and proper motion programmes and the 
completeness of ‘Table I to this limit is affected only by the errors of observation. 
However, very few fainter stars more distant than about 50 parsecs will be included 
because of the small total space velocity of the group, V,= 18-4 km/sec (Sirius), 
with respect to the Sun. The parallax of a group member is related to the proper 
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motion by the expression » = 47 sinA, where A is the angular distance of the star 
from the apparent convergent point of the group motion. Even in the most 
favourable case, when sinA=1, a group member more distant than 50 parsecs 
will have ~<0o"-1 and relatively few stars with such small motions have been 
included on radial velocity programmes. 

It is obvious that the group parallax of stars near (or 180° from) the 
convergent point is nearly indeterminate because the space motion is then almost 
completely in the radial direction. However, it should also be noted that the 
present procedure causes the same situation to arise in the special cases where 
the proper motion is mainly reflected in the W-motion. For example, the 
dependence of (U, V, W) for x’ Ori (W 3663) on 7z, is as follows: 


Tg U V W 
0” 100 — 13°! +3°0 —9°4 km/sec 
0”-200 —12°5 +3°6 —3°9 km/sec 


The group parallax in this case is nearly indeterminate and the well-determined 
trigonometric parallax is given in parentheses in Table II. 

The difficulty in assigning individual stars to membership in the Sirius 
group on the basis of a motion criterion alone can be emphasized in the following 
way. 

(i) A catalogue has been compiled of 400 stars brighter than visual magnitude 5 
and (a) with spectral types between Bs and F6, (6) of luminosity class III, IV, 
or V—the two-dimensional Mt Wilson system has been used for a few stars— 
and (c) with reliable radial velocities. 

(ii) The (U, V)-locus for each star has been computed from the assumption 
that the luminosity is within +o™-5 of that given by the calibration of the 
luminosity classes (Keenan and Morgan, cf. Hynek 1951). 

(iii) The (U, V)-values for the AV, Ap and Am stars were shown in Paper VI 
(Fig. 2) to lie in a very restricted region of the (U, V)-plane with few stars other 
than those in the Sirius group having negative values of both U and V—that is, 
that are following the Sun in their motion in the direction of galactic rotation. 

(iv) The (U, V)-loci for those stars of the 400 mentioned above, which follow 
the Sun in the direction of galactic rotation, are shown in Fig. 2. These include: 

(a) The AV, Ap and Am stars (solid lines) most of which were included in 
the previous discussion (Paper VI, Fig. 2). 

(6) The luminosity class III and IV stars (broken lines). 

(c) The stars assigned to the Sirius group in Table I are indicated by crosses 
at the (U,V)-values given in Table II. The large circle is centred on the 
(U, V)-value for Sirius and has a radius of 4 km/sec. From the distribution of 
the crosses it appears that (a) too large a tolerance has been placed on the 
V-motions, (b) there is a larger dispersion in the V- than in the U-motions of group 
members, or (c) the procedure of taking the group parallax as that value which 
corresponds to the point on the (U, V)-locus closest to (U, V) =(— 14°2, —0°4) 
is incorrect. The latter possibility arises because the majority of the (U, V)-loci 
for these stars lie more nearly parallel to the U-axis than to the V-axis so that 
adopting the minimum length of the normal to the loci passing through 
(U, V)=(— 14:2, —0°4) tends to minimize the dispersion of the U-motions. 
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It is interesting to note that only one or two stars with spectral type between 
Bs and Ao have negative values of both U and V. 

(v) The possibility of including spurious members in the Sirius group is 
obvious in Fig. 2. All stars whose (U,V)-loci cut the circle around the 
(U, V)-value for Sirius are candidates for membership if the motion criterion 
alone is used. On the other hand, any estimate of the luminosity that is accurate 
to, say, one magnitude in most cases restricts the (U, V)-locus to a very limited 
region of the (U, V)-plane and permits the star to be assigned to a definite group 
with some accuracy. 

(vi) The Sirius and Hyades (Paper VII) groups both lie near the edge of the 
(U, V)-distribution for a pure sample of older Population I—that is, the AV, 
Ap and Am stars—and, therefore, the members of these groups are the easiest 
to isolate in that population. However, when older stars, represented by the 
broken lines in Fig. 2, are included this advantage is no longer held by 
the two groups but is transferred, for the stars in Fig. 2, to the group with 
(U, V)=(-—25, —3). This group, which we will call the « Ophiuchi group, 
will be discussed in detail in a later paper. Moreover, when a selection of stars 
that contains still older objects is considered—such as spectral types later than 
Fs (Paper III) or subgiants (Paper V)—the (U, V)-dispersion becomes even 
larger and such high velocity groups as the ¢ Herculis, 61 Cygni and y Leonis 
groups become the easiest to isolate. For the same reason it is obvious that the 
probability of including spurious members in, say, the Sirius group is greater 
for stars of type later than about F5 than it is for main sequence A-type stars. 

(vii) It should be noted that the (U, V)-loci shown in Fig. 2 assume that 
there is no error in the observed radial velocities or proper motions. Uncertainties 
in the observed components of the motions will broaden the loci but the 
broadening due to errors in the proper motion will be dependent upon the 
parallax and will give fan-shaped loci with increasing width for decreasing 
parallax. 

(viii) There are at least three other groups in addition to the Sirius group in 
Fig. 2. Five of the stars may share the motion of Procyon, which is indicated 
by the crossed circle. The apparent group near (U,V)=(-—8, +5) is that 
numbered 7 in Paper VI. The values of (U, V)=(—25, —3) for the « Ophiuchi 
group were determined by treating the loci as ‘‘ Sumner-lines’’ and obtaining 
a ‘‘fix’’ by minimizing the sum of the squares of the lengths of the normals to the 
loci. 

2. The (M,, B—V)-diagram.—The colours and luminosities of the stars in 
Tables I and II are displayed in Fig. 3 where the main sequence defined by the 
Hyades cluster stars (Sandage and Eggen 1959) is also shown. ‘This diagram is 
more open that that previously found (Paper I), mainly because of the inclusion 
of many stars as group members by the procedure used here that were excluded 
by the convergent point method. The most noteworthy features of Fig. 3 are the 
following: 

A. The most obvious feature of the (M,, B— V)-diagram for the Sirius group 
members is the apparent displacement of the main sequence from that of the 
Hyades cluster stars. If we omit known binaries (crosses) and the one star 
slightly above the main sequence at B—V=+0"™-g2, an eighth magnitude 
object for which only a photographic proper motion is available, the average 
displacement of the stars redder than B— V = +0™-4 is M, (Sirius group)— M, 
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(Hyades group)=+0™-2, This displacement is also reflected in the 
(U—B, B—V)-relation for the Sirius group stars, compared with those in the 
Hyades group, shown in Fig. 4. Here the ‘‘standard’’ relation, derived from 
the Hyades cluster members, is shown as a continuous curve; the extension for 
B—V<+0™-35, as indicated by the main sequence Hyades group members 
(Paper VII), is shown as a dotted curve. The main sequence, or near main 
sequence, members of the Sirius group are indicated by open circles, the 
metallic-line and peculiar A-type stars by crosses, and the G- and K-type giants 
by filled circles; the two stars indicated by open boxes will be discussed below. 





ro 








A 1 A 


-20 Vv -10 +10 





Fic. 2.—The (U, V)-loci for AV, Ap, and Am stars (continuous lines) and B8 to Fs stars of 
luminosity class III or IV (broken lines) brighter than visual magnitude 5-0. The crosses represent 
members of the Sirius group and the large circle is centred on the (U, V)-value for Sirius and has a 
radius of 4 km|sec. The crossed circle represents the accurately known position of Procyon. 


The main sequence stars bluer than B—V = +0™-2 appear to have the same 
(U—B,B-—V)-relation as the Hyades stars in the colour range common to 
both groups. However, the Sirius group members with +0™-3<B-—V< +0™-6 
definitely depart from the standard relation and show an average ultra-violet 
excess, 5(U—B), of +0™-04. If this excess is interpreted as due to line- 
blanketing (Sandage and Eggen 1959, Table IV) the expected AM, 
(Sirius-Hyades) is +0™-3; the agreement with the observed value is excellent 
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in view of the preliminary nature of the blanketing theory. In testing the theory 
with known subdwarfs near the Sun, Sandage and Eggen found that 6(U— B) zo 
for subdwarfs redder than B—V x +0™-8. This same result is obtained for the 
red dwarfs in the Sirius group and indicates that the ‘‘ blanketing line’’ in the 
(U—B, B— V)-diagram lies along the intrinsic (U— B, B— V)-relation for these 
stars. Unfortunately, values of (U—B) are not available for the few known 
dwarfs in the Sirius group with +0™-6<B—V<+o0™-8. Two stars in this 
interval, W1o1g and W782s, have values of B—V= +0™-63 and +0™-73, 
respectively, and the ultra-violet colours, (U—B),, obtained with the Cape 
refractors give 6(U—B),=+0™-o2 for both. Adopting the rough relation 
(Eggen 1959a), 5(U—B)=1-55(U—B),, the resulting values of 5(U—B) are 
in good agreement with those found above for the bluer main sequence objects. 
The ultra-violet excesses for some of the Sirius group members (cf. x! Ori, 
Eggen 1959a) are also shown by the 6-colour photometry of Stebbins and 
Whitford (1945) and Stebbins and Kron (1956). 
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Fic. 3.—-The (My, B—V)-diagram fer the Sirius group members. The continuous curve 
represents the main sequence of the Hyades cluster stars, the crosses represent known binaries with 
companions bright enough to affect materially the observed colour and magnitude, and the filled 
circles represent metallic-line stars. The 8 Scuti-type variable, & Del, is shown as an open box. 


B. The metallic-line stars in the group (filled circles), like those in galactic 
clusters (Eggen 1957, 1959b) populate a restricted region of the (M,, B—V)- 
diagram on the red side of the A-type main sequence stars. Wilson No. 11426 
(10 Aq}), although classified as Agp and ‘‘of a later A type than most of the 
magnetic stars’’ (Babcock 1958), falls among the metallic-line stars in Fig. 3 
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and is represented there by a filled circle. The wide binary W 7958/9 (¢ UMa) 
consists of a main sequence A-type star, which is itself a binary (Section 4), and 
a fainter, metallic-line star; the observed luminosity and colour of the system 
are indicated in Fig. 3 by a cross at M, = +0™-16 and B—V=+0™-o02. Since 
the visual magnitude difference in the wide pair is 1™-66, the metallic-line 
component falls in the centre of the region populated by the metallic-line stars 
at M,=+2™-03. The colour of this component is, therefore, probably near 
B-—V=+0™-20, leaving B—-Vxo0™o and M,=+1™-12 for the equal com- 
ponents of the bright star. If evolution of A-type main sequence stars is 
accompanied by increasing colour, then we are led to the conclusion that 
¢CUMaB (M,=+2™) is in a more advanced stage of evolution than the two 
intrinsically brighter stars (M,= +1™) that form ¢UMaA. 

It seems reasonable to interpret the metallic-line stars as representing a 
definite stage in the evolution of A-type main sequence dwarfs but whether they 
have evolved from main sequence objects of the same or of lower luminosity 
may only be settled with a knowledge of the stellar masses. 

C. The small amplitude, short period light and velocity variable 5 Del (Eggen 
1957) has a luminosity very similar to that found for the prototype variable 5 Scu 
(Paper VII). The five stars lying between 6 Del and the region of the metallic-line 
stars are, in order of decreasing luminosity: «x BooA (F2IV), 32 Aqr (gA8), 
aCrv (F21V), pCap (FzI1I1), and 23 UMa (FoIV). The observed line-widths 
of three of these stars (« Boo A, pCap, and 23 UMa) indicate values of V,sini 
between 115 and 150 km/sec (Slettebak 1954, Herbig and Spalding 1955) 
while those for two of the metallic-line stars give V,sinix70 km/sec; the 
value for 5 Del is 35 km/sec. The available determinations of V,sini for the 
group members are shown on a (M,, B— V)-diagram in Fig. 5; the few values 
available for late-type giant members are all <25 km/sec. The axes of rotation 
may be randomly distributed or there is no close correlation between main 
sequence luminosity and rotational velocity and Fig. 5 gives no obvious clue 
to the main sequence origins of 6 Del or any of the non-main sequence stars in 
the figure. 

D. The dense clumping of A-type stars near M,=+0™-5 contains such 
diverse objects as the peculiar stars « Cnc and 78 Vir, the eclipsing variable « CrB 
and several Ao-A3 stars of luminosity class V. Although the group membership 
represented by the objects in Table I is obviously incomplete, it does not seem 
likely that this fact alone can explain such a relatively heavy concentration of 
stars with a sharp cut-off near M, = +0™-6 at the edge of an ~o™5 gap in the 
main sequence. 

E. ‘The two stars represented in Fig. 4 by open boxes are { Leo (M, = — 1™-2, 
B—V=+0™-30) and a Peg (M, = —0™-8, B—~V=+0™-45). The large ultra- 
violet deficiencies for these stars may be connected with the fact that at least 
one of them, Peg, is known to be a shell star (Greenstein 1953). 

F. The distribution in the (M,, B— V)-diagram of the G- and K-type giant 
members of the Sirius group differs markedly from the orderly sequence from 
B—V=+0™ 95, Mp=+1™ to B—V=+1™6, M,=—o™- 5 found for the 
Hyades giants (Paper VII). Although this difference may be partially caused 
by the inclusion of spurious members in the Sirius group, especially in the case 
of the small proper motion stars redder than B— V = + 1™-2, there is undoubtedly 
a real difference in the spread of luminosity for the G-type giant members in the 
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two groups. This difference is also reflected in the colour~spectral type relation 
for the giants in the two groups since those with colour near + 0™-g5 are classified 
Ko III in the Hyades and Gs III in the Sirius group. Group membership of 
individual giant stars in the Sirius group can ultimately be tested through 
independent luminosity determinations such as those of Wilson and Bappu 


(1957). 
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Fic. 4.—The (U—B, B—V)-relation for group stars not known to be binaries. The standard 
relation, for the Hyades cluster stars, is shown as a continuous curve with an extension indicated by 
the Hyades group stars shown as a dotted curve. Metallic-line and peculiar A-type stars are shown 
as crosses, G- and K-type giants as filled circles, and the bright F-type giants, { Leo and = Peg, as 
open boxes. 
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Fic. 5.—Available estimates of V; sin i, in km/sec, for group stars marked on a (My, B—V)- 
diagram. The values for two metallic-line stars are circled. 


G. Acomparison between the schematic (M,, B — V)-diagrams for the Hyades 
(hatched) and Sirius (unhatched) groups is shown in Fig. 6. The few Hyades 
(crosses) and Sirius (open circles) group members falling outside the enclosed 
areas are also indicated in the figure. Although the effects of evolution on the 
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main sequence stars are apparent to about the same luminosity in both groups 
(M, = +3™) the presence of bluer main sequence stars and brighter G-type 
giants in the Sirius group indicates that, on the basis of the evolutionary theory 
(Sandage 1958), this is the younger group. 
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Fic. 6.—A comparison of the schematic (My, B—V)-diagrams for the Hyades (hatched) and 
Sirius (unhatched) groups. A few Hyades (crosses) and Sirius (open circles) group stars falling 
outside the enclosed areas are also shown. 


H. The large number of blue stars brighter than M,= +2™ compared to 
the relatively small number populating the lower main sequence indicates that, 
for any assumed luminosity function based on known galactic clusters, we can 
predict a very large number of undiscovered main sequence Sirius group members 
of G-type and later. In this connection the following M-type dwarfs are possible 
group members selected from Vyssotsky’s (cf. 1956) spectrophotometric survey ; 
the radial velocities of these stars are based almost entirely on one spectrogram 
for each star by Dyer (1954) and the proper motions are all uncertain: 


vis. 
BD/AC mag. Sp 


+ 16°2708 10°5 dMo +0°30 
+22°2302 9°5 dM2 +015 
+22°214—219 9°5 dMo —o10 


+23°2124 98 dK8 
+ 30°1367 o°5 dMo 
+ 36°2393 dMz2 
+ 39°2675 9:2 dK8 +o-10 
+55°1519 dM2 +0°25 
+63°965 QI dMo +0°08 


— 0°08 
+0o°09 
+0°30 


i+ i + 
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The spectra of all these stars show H and K lines in emission and the first three 
show emission lines of hydrogen. 

The comparison between the group parallaxes and the trigonometric deter- 
minations is shown in Fig. 7. The trigonometric values are from the Allegheny 
(filled circles), McCormick (open circles), Cape (plus signs), Yale (crosses) 
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Fic. 7.—The correlation between the group and trigonometric parallaxes. The observatories 
represented are Allegheny (filled circles), McCormick (open circles), Yale (crosses), Cape (plus signs) 
and Greenwich (boxes), Determinaticns by more than one observatory for the same star are con- 
nected by straight lines. The one-to-one correlation is represented by the 45° line. The large 
deviation for the Allegheny determination at mg=0*-09g0 is for 8 Lec. 


and Greenwich (boxes) Observatories; values by more than one observatory for 
the same star are connected by a straight line. The large deviation of the 
Allegheny determination at 7,=0"-og is for 5 Leo. 

3. Spatial distribution of group members.—The spatial distribution of the stars 
in Table I is shown in Figs. 8 and 9. The stars within 25 parsecs (crosses) 
and between 25 and 50 parsecs (circles) of the galactic plane (including the Sun) 
are shown in Fig. 8, whereas those more than 50 parsecs above (filled circles) 
and below (open circles) the plane are shown in Fig. g. Although, like the 
Hyades group (Paper VII), the distribution shown in Fig. 8 indicates that the 
Sirius group may be elongated roughly in the direction of galactic rotation, this 
result depends on only a few distant stars, and, because of the smallness of the 
proper motions and the resulting incompleteness in the known membership of 
the group, no conclusion on this point can yet be reached. Seventy-five per cent 
of the stars, including all but one of those represented by the clump of crosses 
near the Sun (X, Y=o0,0) in Fig. 8, are above the galactic plane. 
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4. Visual binaries.—Eight visual binaries, including the interferometric pair 
¢ UMaAa, among members of the Sirius group have known orbits. The orbital 
periods and semi-major axes adjusted to the ‘‘ standard observers ’’ (Eggen 1956), 
and group parallaxes of these systems are listed in Table III together with the 
resulting values of the mass and luminosity. Astrometric determinations of the 
mass-ratio have been used in determining the indi-idual masses in three systems, 
but the magnitude difference between the components of the other four is small 
enough to permit the discussion of a mean component; the white dwarf 
companion of Sirius is not discussed here. The apparent magnitude of 
ADS 10227BC may be uncertain by ~o™-5. 
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Fic. 8.—The space distribution of the group Fic. 9.— Space distribution of stars more 
members. Stars within 25 parsecs of than 50 parsecs above (filled circles) 
the galactic plane (through the Sun) and below (open circles) the galactic 
are shown as crosses and those between plane. 

25 and 50 parsecs of this plane by open 
circles. The Sunis at (X, Y)=(o0, 0). 


Taste III 
Visual binaries with known orbital elements in the Sirius group 


P T, Mass 
ADS Wilson Name (years) (0-"001) My (Q=1) 

1598A 1106 48 Cas 60 oe 25 +17 30 
B +34 2°6 
1709AB 1222 — 144°7 +36 I's 
5423A 4392 a CMa 50°0 375 +14 2°5 
87390A 7762 78 UMa_ssi115°7 45 +33 1-2 
B +5°7 06 
8891Aa 7958 { UMa 0056 +01 31 
9343AB ~—_ 8537 £ Boo 126 . +03 22 

9617AB 8909 7 CrB 416 +48 0-75 
10227BC 9677 52 Her st +61 O*5 





AAPA EAST PALO AIL 


578 Olin J. Eggen Vol. 120 


The masses and visual luminosities in Table III are plotted in Fig. 10; the 
visual luminosities are used here to avoid the difficulty with bolometric corrections, 
The mass—(visual) luminosity relation taken from a previous discussion (Eggen 
1956), and here called the ‘‘ normal relation ’’, is shown in the figure as a full curve. 
The brighter components of the systems are plotted in the figure as open circles, 
fainter components as filled circles and mean components as half-filled circles. 
The two components of ADS 1598 and 10227BC are connected by straight lines. 











7. 
My 


Fic. 10.—Masses and luminosities of group binaries. The continuous curve is the normal 
mass-(visual) luminosity relation. Open circles represent primary components of visual binaries 
and filled circles the secondary components. The half filled circles are mean components for visual 
binaries with a small magnitude difference between the components. Straight lines connect com- 
ponents of the same system; the unconnected open circle represents Sirius. The two crosses 
represent the bright component of a CrB and the mean component of B Aur. 


The deviation from the normal relation of the group stars with M, = + 3™ to 
+6™ is very similar to that found previously (Paper VII, Fig. 8) for the Hyades 
group binaries. In fact, a mean mass—luminosity relation for the stars of both 
groups with luminosities in this range indicates that the Sun, M, = + 4™-8, is 
almost exactly one magnitude fainter than group stars of the same mass. 

Among the brighter stars, three fall near the normal relation—the bright 
component of 48 Cas, the mean component of UMa Aa, and Sirius—but the 
mean component of { Boo is nearly two magnitudes brighter, and the secondary 
of 48 Cas nearly two magnitudes fainter, than predicted by that relation. 

Two additional, little observed binaries in the group deserve attention; 
W 6440 (ADS 7674), which is in rapid motion, and W 13854 (ADS 15578). 

5. The eclipsing binaries B Aur, xCrB and RRLyn.—Of the three known 
eclipsing variables in the group, double lines have been observed only in the 
spectra of BAur. The two components are of equal mass, 2°3© (Popper 1959), 
and equal luminosity, M, = —o™-54, and are the brightest members for which 
a mass determination is available ; the mean mass and luminosity are represented 
in Fig. 10 by a cross. 

In a discussion of photoelectric observations with a red-sensitive photocell 
of the single-lined binary « CrB, Kron and Gordon (1953) found a 4™ difference 
between the components at 47230. The secondary component is probably a 
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G-type dwarf so that the visual magnitude difference is <4™. The visual 
luminosity of the secondary is then M,> +4™-5 and, from the run of the 
mass~luminosity relation for the group stars in Fig. 10, the mass is <o80. 
The mass function, 0-063, given by Kron and Gordon, then yields a mass of 
< 20 for the bright component; the upper limit for this mass is shown in Fig. 10 
as a Cross. 

Stebbins and Huffer (1931) have published a light curve (A 4500) of the 
single-lined binary RR Lyn. A new solution of this curve, based on an assumed 
value of 0-6 for the limb darkening coefficient of both components, gives the 
following elements : 


i=86°:5+0 -4(p.e.) a,=g:'2x 10°km 
k=0°'075 + 0°006 L, = 0°63 + 0°04 
1, =0°075 + 0°006 L, = 0°37 + 0°04. 
r,=0°071 + 0°004 


The mass function, 0-31Q (Harper 1915), and the normal mass—luminosity 
relation are satisfied by masses of 2-3© and 1°7© for the primary (M, = + 2™-2) 
and secondary (M,= +2™-8), respectively. More definite information about 
the masses of these stars is especially desirable because the brighter component 
is a metallic-line star. If the luminosity difference derived from the light curve 
is correct the secondary component might be detectable by modern spectroscopic 
observations. 

The masses and luminosities of both Sirius and Hyades group binaries give 
a strong indication that for M, < +3™ there is not a unique mass-luminosity 
relation. Although the deviation of the fainter component of 48 Cas (My = + 3™-4) 
from the normal relation in Fig. 10 could be explained as either an error in the 
mass function, 0-3 instead of 0-43 (Kent 1950), or by the assumption that this 
star is itself double (mass, * mass, 1:3©), the nearly equal masses of 8 Aur, 
{ Boo and, probably, « CrB, all giving large deviations from the normal relation, 
are unlikely to be the result of erroneously assuming that they are group members. 


Royal Greenwich Observatory, 
Herstmonceux Castle, Hailsham, 
Sussex: 
1959 November 28. 
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G. R. Whitfield 
(Communicated by F. Graham Smith) 
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Summary 


This paper describes a survey of small diameter radio stars made with an 
interferometer at 38 Mc/s. The positions and flux densities of 59 radio 
stars, all of which are confirmed by other surveys, are given in the catalogue. 





1. Introduction.—The determination of the spectra of radio stars requires 
observations at widely spaced frequencies. ‘This survey, at 38 Mc/s, was 
intended to be combined with the 2C and 3C surveys (1, 2) at 81-5 and 159 Mc/s 
to determine the spectra of as many stars as possible. The observations were 
made in 1957. Of the 136 stars observed, 59 are confirmed by other surveys, 
and are listed in the catalogue. The other 77, mostly weak sources, were 


rejected. 

Some preliminary results have already been used in a determination of the 
spectral indices of radio sources (3); more accurate calibrations have shown 
that the values of flux density used were too low by a factor of 2. The spectral 
indices deduced in that paper depend largely on observations at higher frequencies 
and are almost unaffected by this error. 

2. The aerial system.—An interferometer was used, with the two aerials 
spaced 60 wave-lengths East-West. ‘The aerials were dissimilar, one having 
high directivity in declination and the other in right ascension. When used 
with a phase-switching receiver (4) this arrangement has a much higher resolving 
power than a conventional interferometer of the same gain. Careful attention 
must be given to side lobes in such aerials, and a grading of excitation was used 
which should have reduced the side lobe level to 1} per cent. 

The arrangement of the aerials is shown in Fig. 1. Each point represents 
a Yagi array of four elements, with a beam width between half-power points 
of 54°. ‘The Yagis of the East aerial were connected in groups of four by open 
wire transmission lines, with quarter-wave transformers for grading and matching. 
The groups were connected by coaxial cables, with stub matching. Twelve of 
the quarter-wave transformers had variable impedances, for adjustment of the 
grading. The adjustments were made by measuring the phase and amplitude 
of the voltage at each Yagi when a signal generator was connected at the centre, 
and also by conventional impedance measurements. 

At the West end, the Yagis were connected by coaxial cables, with resistive 
attenuators for grading. ‘The beam was swung in declination by introducing 
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phasing cables in the cable to each Yagi. The phase difference between 
successive Yagis could be any multiple of 7/4 radians; this interval shifted the 
beam by slightly more than half the declination beamwidth (a shift of 6° near 
the zenith). 


Individual Yagi aerial ° 


Electrical centre of each array + 


© °0 0 0 0 OfF0 09 0 0 O oO 
5zaft 











About 1550ft 





Fic. 1.—The general arrangement of the aerial. 














“0 10 20 3 Bou 


Fic. 2.—-The theoretical polar diagrams, in right ascension and declination, of the whole aerial 
when pointed at the zenith. The interference pattern due to the separation of the two aerials is not 
shown; it is a sine wave, of period 1°, in right ascension, whose envelope is the polar diagram shown. 
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The predicted right ascension and declination polar diagrams of the aerial 
are shown in Fig. 2. The beamwidth per half-power points is 4$° in right 
ascension and 12° in declination near the zenith, but is wider in declination at 
large zenith angles. The observed polar diagrams were similar, byt with larger 
side lobes. In right ascension there was a 5 per cent side lobe close to the main 
beam, but nothing else above 2 per cent. In declination the side lobe level 
averaged 5 per cent, and increased in a few months to 8 per cent. These levels 
are consistent with likely errors in the adjustment of the grading. 

The gain of the system was not measured, but was calculated to be go (over 
an isotropic radiator). Measurements of the six most intense sources showed 
that the gain decreased by 25 per cent from the zenith to the horizon; the flux 
densities in the catalogue have been corrected for this change. 

3. The Survey.—The sky was covered in 14 strips of declination by observing 
for 24 hours at each setting of the aerials. A uniform coverage between declina- 
tions — 20° and + 80° was achieved, except for R.A.’s close to those of the four 
most intense sources. The performance of the aerial was checked at intervals by 
repeating one strip, and by observing Cassiopeia A with the East aerial phase- 
switched against a single pair of Yagis at the West end. 

Apart from man-made interference, which was usually easily recognised, the 
principal difficulty was scintillation. As 1957 was a year of sunspot maximum, 
scintillation occurred frequently, causing random fluctuation with a time constant 
from a few seconds to a few minutes in the positions and amplitudes of sources. 
It was most serious at night, occurring to some extent on 75 per cent of the records, 
but it also occurred during the day. On about 10 per cent of the nights, when 
scintillation was very severe, the records were unreadable. But when scintillation 
was slight, it was difficult to detect except with the most intense sources; to ensure 
that recordings were not affected, it was necessary to observe each strip more than 
once. 

The method of analysis was similar to that developed by Edge for the 3C 
survey. ‘The information contained in each record was transferred on to a large 
sheet of graph tracing paper marked out in right ascension and declination, the 
position of each interference maximum being marked. ‘The record amplitude was 
marked at intervals, usually every second lobe. When all the records had been 
traced, stars could be picked out by their consistent appearance on contiguous strips. 

A continuous calibration system was used, power from a noise signal generator 
being divided and fed into the cables, before the preamplifiers, through attenuating 
T junctions (fig. 3). This gave a deflection proportional to the overall gain of the 
preamplifiers and receiver. At intervals the calibration signal was switched off 
for }-hour to obtain the zero level, which varied slowly. Observations of the more 
intense sources were made with attenuators in the aerial cables, before the cali- 
brating T junctions, with the receiver gain unchanged. 

These methods gave the relative intensities of all the sources observed. They 
were converted into absolute flux densities by using the flux densities of the six 
most intense sources, derived from all available observations (3). The required 
correction factor changed linearly with declination, implying a corresponding 
change in the gain of the aerial. A further small correction was applied for 
diffraction round the edge of one of the large aerial elements of the 2C and 3C 
interferometer surveys, which lay within the beam of the East aerial at low 
declinations. 
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4. The Catalogue of Radio Stars.—The catalogue contains all the stars confirmed 
by both the 2C and 3C surveys, the criterion being agreement of position within two 
probable errors, after any necessary lobe shifts. Most of these 59 stars are thought 
to be genuine; but, allowing for lobe shifts, 12 random coincidences would be 
expected between the 136 stars of the present survey and the 316 stars of the 2C 
survey br.ghter than 40 x 10-** w.m.~? (c/s)—}. 

The first column gives the number of the star in the present surveyf, and the 
next four columns the right ascension and declination (epoch 1950-0), with their 
estimated errors; these errors are based on the variations between different records 
of the same strip of sky, but comparison with the 2C and 3C surveys show that they 
approximate closely to probable errors. Owing to the skew axis of the interfero- 
meter (the same as that of the interferometer used for the 2C and 3C surveys), 
these errors define a parallelogram whose long axis does not quite lie along the 
meridian (see £). 





Receiver 


Preamplifier ul [ Preamplifier 


Attenuatir gy ees 
twe to one wo to one 
junction Junction 


























Noise signal 
generator 











Fic. 3.—The calibration system used. The noise signal generator was run continuously, but was 
switched off occasionally to check the zero level. 


It is possible for the wrong lobe of the interference pattern to have been chosen, 
giving an error in right ascension of one or more periods. Where the 2C and 3C 
surveys suggest that such a change is necessary, arrows * or | are inserted before 
the right ascension, the number of arrows indicating the number of lobe shifts 
required; an arrow pointing upwards indicates a later right ascension. The 
increment of right ascension corresponding to one lobe is given, as a function of 
declination, in Fig. 4. 

The sixth and seventh columns give the flux density (both polarizations) and 
its probable error. The value given is that measured with an aerial spacing of 
60 wavelengths; where the diameter of the source is known from other surveys, 
the total flux density has been calculated and is given in brackets. The error 
quoted is derived mainly from the variations between different records, but 
includes an allowance for the effects of confusion. 

The last column gives the 1.A.U. number of the source (5) followed by its 
numbers in the 2C and 3C surveys, chosen as the most complete surveys covering 
the region of the present survey. Comparison with other surveys has been 
restricted to the derivation of spectra (3). 


+ It is suggested that stars should be referred to by their 2C or 3C numbers as far as possible. 
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Seven stars have had their positions changed by re-examination of the records 
after a comparison with other surveys. These stars are indicated by the symbol* in 
column 1. 








1 1 1 L 
-20 20 40 60 80 
Declination (°) 





Fic. 4.—The increment of right ascension corresponding to one lobe shift. 


Catalogue of Radio Sources 


Right Ascension Declination Flux Density 
x 107% w.m.-? 


(c/s)~* 
m +(m) <i + 
23°31 45 2 550 250 ooN6A, 2C34, 3C10.. Tycho 
Brahe Supernova, 
o's —o6'5 2 170 70 2Cs50,3Cr15 and 3C17. 
I 51 375 200 3C20. Possibly side lobe of 
Cassiopeia A. 
12 335 70 2Co4,3C33. 
18 ‘ 240 7O 3C47. 
—0o2 125 70 0o2S51A, 2C196, 3C63. 
17 120 70 2C283,3C79. 
40 560 120 03N4A, 2C296, 3C84, 
NGC 1275. 
10°5 , 170 6°70 «=—-2C 349, 3C98. 





Right Ascension 
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Catalogue of Radio Sources—continued 
Declination Flux Density 


x 107*8 w.m.~? 


(c/s) -1 


+ (m) + 


o'5 
o°5 
o's 
o°5 
o's 
I 

I 


o'3 


130 70 
210 «6°70 
255 7° 
600 150 
270 4970 
150 70 
150 70 


2680 270 


350 100 
(960) (250) 


2C361, 3C103. 

2C374, 3Cro9. 

2C379, 3Cr11. 

o4N3A, 2C404, 3C123. 

2C440, 3C134 

2C449. 

2C485, 3C147. Confused with 
Taurus A side lobe. 

Taurus A. o5sN2A, 2C481, 
3C144. Crab Nebula. 

o6N2A, 2C537, 3C157, 1C443. 
Confused with Taurus A side 
lobe and 2C526. Diameter 
from Baldwin and Dewhirst 
(6). 

2C625, 3C175. 

2C641. 

2C714, 3C190. 

o8N4A, 2C724, 3C196. Very 
confused record. 

2C749, 3C2o1. 

o9S1A, 2C806, 3C218. Double 
Galaxy. 

2C840, 3C225, Confused with 
3C228. 

2C843, 3C227. 

2C855, 3C234. Confused with 
first order maximum of Virgo 
A. 

2C866, 3C237 and 2C876, 3C238. 

2Cgs1, 3C249. Confused with 
3C246. 

3C2s51 and 3C254. 

2C977, 3C253. 

11S1A, 2Croo6. 

2C1013, 3C264. 

2Cr1012, 3C26s5. 

Virgo A. 12NrA, 2C1041, 
3C274, M87. 

2Cr1I0. 

14NsA, 2C1175, 3C295. 

3C300. 

2C1244. 

3C307. Possibly 2C1248. 

2C1259, 3C310. Confused with 
first order maximum of Virgo 
A. 

2C1273, 3C315. Confused with 
No. 41. 

2C1281, 3C317. Confused 
region. 

2C1352. 

2C 1383, 3C330. 

2C1359, 3C327. 
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Catalogue of Radio Sources—continued 
Right Ascension Declination Flux Density 
x 107° w.m.~? 
(c/s)-* 
+ (m) + 
o'5 . , 7o 16N4A, 2C1402, 3C338. 
o's 160 16NoA, 2C1432, 3C348. 
o's ¥ 7° 2C1473,3C353.- 
0°5 . 70 2C1607, 3C392. Diameter 2° x 3° 
at 38 Mc/s (7), so total flux 
density is much greater than 
quoted value. 
160 70 2Cr159r1. 
24600 3000 Cygnus A. 19N4A, 2C1673, 
3C405. Position from Smith 
(8). 
2°5 250 70 2C1686, 3C409. Confused with 
Cygnus A. 
23 2 18 70 2C1775,3C433. 
27 2 90 ©6970 «2C1826, 3Ca44r. 
—12°5 3 320 100 2C1843, 3C444. 
-0 4 80 7o 3C446. 
58° 32"1 41500 4000 Cassiopeia A. 23N5A, 2C1890, 
3C461. Position from Smith 
(8). 
26°6 240 70 2C1906, 3C465. Only observed 
on one strip, due to inter- 
ference and side lobe of 
Cassiopeia A. Declination 
taken from 3C survey. 

5. The reliability of the Survey.—Any radio star survey, made with a sufficiently 
sensitive receiver, will be affected by confusion. The effect is negligible for the 
most intense sources, but increases for the weaker ones. It is first noticeable as a 
small perturbation in position and amplitude of individual sources; ultimately 
the individuality of the weakest sources is entirely lost. 

An estimate of the effects of confusion can be made by considering the distri- 
bution of amplitude onthe records. Fig. 5 shows the observed distribution, where 
p(s)ds is the probability that the record amplitude represents a flux density 
between s ands+ds. The median flux density of this distribution is 

95 x 107" w.m.~* (c/s)—1. 

Comparison of the 2C and 3C surveys (9) shows that individual sources can 
be reliably observed if their flux densities exceed the median by a factor of about 
25; this suggests that the present survey is reliable down to about 

250 x 10-6 w.m.~? (c/s)—1. 
There are 26 sources above this level, of which only 4 are not confirmed by the 2C 
and 3C surveyst. Weaker sources are less reliable, but since the catalogue 
only includes sources which also appear in the 2C or 3C surveys, the majority are 
genuine; however, many weak sources are likely to have been missed, and the 
survey is not complete below 250 x 10-** w.m.~* (c/s)! 

The record of each individual source is superimposed on the record due to all 
the other sources ; this background has a random amplitude, whose distribution is 
given in Fig. 5, and random phase. Thus the probable error in the flux density of 


+ These figures are appropriate to the 136 stars observed, not the 59 in the catalogue. 
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a 1 
200 400 600 
Flux density 5 (w.m:*(c/s)"') 





{ Fic. 5.—The distribution of record amplitudes obtained from records of strips at 12° and 27° 
declination. The median amplitude of this distribution corresponds to a flux density of 
‘ 95 X 107 w.m.-* (c/s)-?. 


a source due to confusion is 1/1/(2) times the median record amplitude, or about 
7ow.m.~* (c/s)~1. This is the major source of error for the weaker sources, and is 
included in the figure given in the catalogue. 

This work forms part of a programme of research supported at the Cavendish 
Laboratory by the Department of Scientific and Industrial Research, to which I am 


indebted for a maintenance grant. I also have to thank Trinity College for a 
Coutts Trotter Studentship. 


I wish to thank all my colleagues for their advice and assistance, particularly 
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Mullard Radio Astronomy Observatory, 
Cavendish Laboratory, 
Cambridge: 
1959 November. 
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